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CHAPTER 1 
INTRODUCTION 
1.1. DIMER PRODUCTION 
A molecular cluster is a complex of atoms or molecules, held to­
gether Ъу van der Waals interactions which may Ъе 10,000 times weaker 
than the chemical forces hinding the atoms in a molecule. The simplest 
hydrogen cluster, the (H ) dimer, for example, has a dissociation 
energy of ahout 2.h cm ('ъО.ЗО meV ъ 3.5 Κ) , whereas the dissociation 
energy of the Hp molecule amounts to h.kñ eV (ref. l). 
Although at normal temperature and pressure, dimers are present in 
hydrogen gas, their numher is far too small to permit investigation of 
their structure; at ρ = 1 atm and Τ = 300 К, the dimer/monomer fraction 
is calculated to he 2.5 x 10 (ref. 2). In order to raise their rela­
tive abundance, several techniques have been developed. 
Lowering the temperaLure and increasing the pressure is applied in 
the pressure induced infrared absorption experiments of McKellar and 
Welsh (ref. 3). Another technique is to solidify the gas into its crys­
tal lattice and to study the pair interactions between the molecules 
(ref. h). 
In the present investigation, the desired increase of the dimer/ 
monomer fraction is obtained by supersonic expansion of cooled hydrogen 
gas through a 20 ym nozzle hole into a vacuum chamber; the stagnation 
temperature Und pressure are 1+0 К and 1 atm, typically. In the isentro-
pic expansion, thermal energy of the gas is converted into flow energy 
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in the forward direction. The resulting drop of the (internal) beam 
temperature to about 1 К favours clustering of molecules in the still 
comparably dense gas stream. Due to rarefaction in the jet, molecular 
collisions have stopped to occur after some ten nozzle diameters and a 
collision free intense molecular hydrogen beam is obtained, containing 
an enriched fraction of (H ?) ? dimers of typically ?,%. 
Normal hydrogen gas contains two modifications, the ortho species 
with I = 1, j odd and the para species with I = 0, j even; here, I is 
the nuclear spin and j the rotational quantum number of the hydrogen 
molecule. Since spin statistics forbid easy conversion from one species 
to the other, both will remain in a gas sample at low temperatures. 
Therefore, the molecular beam contains both ortho and para hydrogen in 
their 300 К equilibrium fractions of 75$ and 25$, respectively. As a 
result, three dimer species are present in the beam, the ortho-ortho 
(o-o), the ortho-para (o-p) and the para-para (p-p) dimer. Applying 
equilibrium theory, the respective fractions are 57$, ^ 0% and 3$, with 
respect to the total number of dimers. 
1.2. DIMER SPECTROSCOPY 
Several techniques have been applied to reveal the properties of 
van der Waals complexes, such as absorption spectroscopy, differential 
scattering, spin lattice relaxation and molecular beam electric reso­
nance (ref. 5)· For many dimers, structure and properties arc known. We 
mention the noble gas - noble gas dimers (ref. 6, 7, β); noble gas -
hydrogen (ref. 9, 10); Ar-X, where X stands for HF, HCl, C1F, DCS 
(ref. 11, 12); ( 0 2 ) 2 and ( N ^ (ref. 13, I
1
*). 
10 . 
The structure of a complex is determined by the strength of the 
anisotropic interactions, which more or less impedes the rotational 
energy of the constituents. One distinguishes strong, intermediate and 
weak coupling. The oxygen and nitrogen dimers are of the first kind 
having a more or less rigid structure. Contrarily, for the Hp-noble gas 
complexes, and also for the hydrogen dimers, the anisotropic forces are 
relatively small resulting in essentially free rotating hydrogen mole-
cules. In between these extremes, one has the semi-rigid complexes; 
their potential surfaces display minima and barriers preventing or 
strongly perturbing free rotation of the constituents (e.g. Ar-HCl). 
Microwave absorption technique has been applied by Hardy et^  al. 
(réf. h), to study the pair interaction between two ortho hydrogen 
molecules, embedded in a para hydrogen crystal lattice. The correspon-
dence with the free dimer is apparent, when one realizes that in the 
lattice interactions between an ortho and surrounding para molecules 
are averaged to values negligible with respect to these interactions 
within the o-o dimer. These experiments yield information about the 
quadrupole-quadrupole interaction and some very weak "non-quadrupolar" 
interactions. 
The existence of the (Hp), dimer was first unquestionably demon-
strated by Watanabe and Welsh (ref. 10); in the collision induced in-
frared absorption spectrum of low temperature hydrogen gas, they ob-
served sharp peaks which were rightly interpreted as rotational tran-
sitions in the (Hp)„ complex. At present, the best experimental infor-
mation on the rotational levels comes from more recent measurements of 
McKellar and Welsh (ref. 15)> employing the same technique. Due to the 
relatively small (Hp) masses, only two end over end (e.o.e.) rotational 
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levels (belonging to the e.o.e. vibrational ground state) have bounded 
states in the shallow potential well; moreover, due to the presence of 
the centrifugal barrier, other quasi-bound levels exist, populated by 
short living complexes. 
In the present study, the molecular beam magnetic resonance 
technique is applied to measure the hyperfine spectrum of the hydrogen 
dimers in zero magnetic field. Two methods are applied to drive the 
transitions; (1) employing a single radio frequency (RF) coil, and (2) 
a pair of identical RF coils at a mutual spacing which is large as com-
pared to their coil length. 
1.3. THE RESOMMCE TECHNIQUE 
1.3.1. THE RABI METHOD 
We consider a system exposed to a transition field, in near re-
sonance. Consequently, the problem of calculating the probability to 
find the system in another than the initial state can be solved for a 
two level model. The two states to be considered are defined as |p>, 
energy -E/2 and |q>, energy +E/2. The transition field may be assumed 
to be of a rotating type, with off diagonal matrix elements W exp(-iut) 
and its complex conjugate), only. Then, the complete Hamiltonian yields 
(+E/2 W exp(-i(Dt) 
W exp(+iut) -E/2 
Initially (t = 0), the system is described by 
1? 
|ψ(0)> = α|ρ>+ ß|q> 
In general, the complex coefficients α and β can Ъе written as 
α = cosô/2 ехр(-іір/2) and 6 = sin iV? exp(+iv/2), where the polar angles 
# and φ define a direction in a "fictive" spin space along which the 
system (visualized by a state vector) is found. 
At t = 0, the transition field is switched on and the state vector 
starts a composite motion; it "precesses" with the angular frequency 
ω = \(ω - Ε/Γι) + (W/ft) around a vector u, which itself "precesses" 
around the z-axis (¿> = 0) with the angular frequency ω. (The vector u 
V ' ^ 2" 
(ω - E/fi) + (W/h) 
For an observer, who rotates around the z-axis together with u, 
the motion of the state vector reduces to a simple relation (angular 
frequency ω ) around u. The projection of the state vector on the z-axis 
determines the relative population of |p> and |q>; this projection 
solely depends on the phase of the rotation with ω . At t = τ, the 
direction of the state vecotr is given by i> and φ . If ö = 0 at = 0, 
one finds for the projection (Rahi equation) 
sin2¿> /2 = -5 j sin2[V(W/ti)2 + (ω - V/bf . τ/2] 
W + (tuo - E) 
In our practical case, τ is given by 1/v, where 1 is the coil 
length and ν the dimer velocity. The applied RF frequency equals ω/2π; 
W is determined by the strength of the RF field. 
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1.3.2. THE RAMSEY METHOD 
In this case, a system enters the first transition field at t = 0 
and leaves it at t = τ; after travelling through the perturbation free 
region it enters the second (identical) transition field at t = τ + T. 
The RF perturbation in the two transition regions are in phase and of 
equal strength. 
At t = τ, we assume probability amplitudes a' and β'; for 
τ < t < τ + Τ, the state can be described as 
|ψ(ΐ)> = a'expl+iE(t-T)/2ft]|p> + Β'εχρ[-ΐΕ(ΐ-τ)/2Τι ] |q> 
A simple transformation to a rotating observer (angular frequency ω a-
round the z-axis, coincidence of coordinate systems at t = τ), yields 
|í(t)> = a'exp[-itü(t--r)/2]exp[+iE(t-T)/2ft]|p> + 0'exp[+iíü(t-T )/2] 
+ 6 ' exp [+iu(t-τ )/2 ]exp [-iE( t-τ ) /2fi ] | q> 
We now choose ώ = E/fi and find for the rotating observer t i m e 
i n d e p e n d e n t probability amplitudes. 
For the complete double coil set-up we have to distinguish three 
rotating observers; for 0 < t < τ, the observer (for whom the state 
vector performs a simple precession around u, as discussed in the pre­
ceding section), rotates with the applied RF angular frequency ω; for 
τ < t < Τ + τ, the observer (for whom the state vector is time indepen­
dent) rotates with the angular frequency E/ftj for τ + T < t < 2 T + T , 
the observer (for whom again the state vector performs a simple pre­
ll* 
cession) rotates once more with the angular frequency ω. 
The first conclusion, then, is that if ω = E/ft (i.e. on resonance), 
the state vector proceeds with its precession in the second transition 
region as if the perturbation free region were absent (i.e. independent 
of T). The same holds if (ω - E/ft)T = 2тг, ^ тг, ...; notice, however, 
that this condition is T-dependent. 
If (ω - E/fi)T = π, 3π, ..., but if still holds ω = E/fi (near reso­
nance) an interesting phenomenon occurs. Under these conditions, the 
vector u is nearly perpendicular to the z-axis. However, at the en­
trance of the second transition region, the direction of u is opposite 
as compared to the resonance case. Consequently, the second transition 
region always annuls the action of the first one, independent of the 
applied RF power. Hence, for (ω - E/h) = π/Τ, 3π/Τ, ..., minima arise 
in the observed transition rate. The FWHK becomes about 1/2T, i.e. it 
only depends on the length L of the perturbation free region, with 
L/v = T. 
LU. MODEL Οι THE HYDROGEN DIMER AHD GOAL OF THE PRESENT INVESTIGATION 
The entire potential field in which the hydrogen dimers move, con­
sists of an isotropic and an angle dependent part (see Fig. 1,1). The 
main angle dependent contributions are the anisotropic potential V 
and the quadrupole-quadrupele interaction V . The isotropic potential 
ЧЧІ 
can be characterized (among other parameters) by the well depth ε and 
its position R . It determines the intermolecular equilibrium separation 
and, thus, the (relative) effect of the R- and angle-dependent inter­
actions on the level splitting. 
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(cm-1) 
Fig. 1.1. Isotropia (solid line), anisotropie (dashed line) and 
quadrupole-quadrupole potential (dash-dotted line, χ Ь). 
From Meyer (réf. 16), the two bound end over end rotational 
levels are also shown. 
In Fig. 1.2, the hydrogen dimer is shovn as a dumb-hell, at the 
far ends of which the two constituting molecules are rotating. The sym-
hols
 Ji_1 and ¿„ are the angular momentum quantum numbers of the hydrogen 
molecules; 1_ and _!„ stand for their respective spins. The quantum 
number L describes the c.c.e. rotation of the diner. 
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.2.«2 ^ 
(N2)2 complex 
•*Г "'^  
Fig. 1.2. Dumb-bell model for the hydro­
gen dimer. Although both hy­
drogen molecules are draun in 
one plane, they are praoti-
oally alloued to rotate in­
dependently . 
<R>
n
=50A 
Ortho H2: Ii = 1 . ji=1 
para H2: I|=0; Ji=0 
The алgle dependent interactions couple L to j_ (= L· + j_„) , yiel­
ding the total rotational quantum number J_. Although only two e.o.e. 
rotational levels are really bound (L = 0 and L = 1), also higher L-
levels are involved in the coupling (see chapter 3); in Fig. 1.3, this 
12 = 1 
L = 0 
O^T-O t 0-H3> 
j + L = J =2 
11 = 1 L = 2 
о-Нэ 
t 
iz = i 
Hg. I.Ó. 
Two-ortho-ortho dimera, 
showing an example of L-
admixtuve; for the upper 
dimer ,7 (= 2) and L (= 0) 
are added to yield J = 2; 
the same J value is ob-
tained for the lower 
dimer, although the con-
stituting molecules 
rotate quite differently, 
here. 
L-admixture is illustrated for an o-o dimer in the J = 2 state. 
Due to the hyperfine interactions, the angular momentum J is 
coupled to the total dimer spin 1^  (= !<. + Ι„) to yield the total 
angular momentum quantun nunber F, 
The L = 0 to L = 1 state separation equals ^б.З GHz (ref. j), 
whereas a splitting of 5 GHz is typical for the J-levels; the hyperfine 
contrihutions are of the order of 100 kHz. 
The goal of the present study is to ohtain the level scheme for 
the hydrogen dimers and to investigate the angle dependent interactions 
Ъу analysing the zero magnetic field hyperfine spectrum of the o-o and 
o-p species. The results are tested Ъу several recent semi-empirical 
and ab initio potentials. 
Tn chapter 2, the molecular beam resonance apparatus is discussed, 
in particular the single coil and double coil technique. The theoretical 
framework leading to the energy level scheme is descrioed in chapter 3. 
In chapter h, the measured hyperfine dimer spectra are reported. A fit 
of the dependent parameters to the frequencies is made leading to re­
commended values for the relevant dimer quantities. In the last section, 
the dimer results are conpared to the observed pair interactions of 
ortho-ortho pairs embedded in solid para hydrogen. Finally, in chapter 
5 outlook for future experiments is sketched. 
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CHAPTER 2 
EXPERLMENT 
2.1 INTRODUCTION 
In this chapter we describe the molecular beam magnetic resonance 
apparatus used to perform the measurements of the ortho-ortho (o-o) and 
ortho-para (o-p) dimer hyperfine spectra. 
Fig. 2.1 shows the main features. The low temperature source ejects 
the hydrogen molecules, still strongly interacting. In triple collisions, 
hydrogen dimers are formed together with heavier oligomers. The beam pur­
sues its way through a double skimmer system (Ski and Sk2) and a mecha­
nical beam chopper to reach the state selecting region. 
This consists of the inhomogeneous magnets A and B, with a homoge­
neous magnetic C-field in between, which contains the radio frequency 
(HF) coils inserted to drive the hyperfine transitions (ΔΡ = 0, + 1 
and Διτί, = + 1). We can choose between two systems; a single coil (RF 3), 
which will be referred to as the Rabi set-up, and a double coil system 
(RF 1 and RF 2), the Ramsey set-up. 
In the C-magnet a movable slit (Dl, typically 200 vim slit width) 
is placed on the beam axis. The second slit (D2) at the beam axis serves 
as detection slit. Its variable slit width is adjusted such that maxi­
mum state selected signal is obtained (slightly larger than 200 μπι). 
The molecules are ionized in a high efficiency dec Iron bombard­
ment ionizer (ref. 1) and mass selected in a quadrupole mass filter 
(Riber SQ 156). The Η molecules are detected on m/e = 2 , whereas the 
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quadrupole 
mass filter 
RF3 В magnet D 2 
С magnet 
Fig. 2.1 Sahematia view of the apparatus; sizes in an; sk, skimmer; RF 1 and RF 2, radio frequency coils 
used in the separated coil· experiment (Ramsey set-up); RF Z^radio frequency coil· used in the 
sίngl·e coil· experiment (Rabi set-up); Dl and D2J movable slits with variable widths. 
dimer ions react according to (Hp)p -»• H_ + H + e" (ref. 2) and thus 
are detected on m/e = 3. A small fraction of hydrogen molecules (0.05 %) 
also yields a signal on m/e = 3 due to ion reactions in the ionizer; Ъу 
setting the apparatus to measure an H hyperfine transition at high tem­
perature, we have shown that on m/e = 3 no transition was detectable 
under circumstances comparable to those of subsequent measurements of 
dimer transitions. 
A detailed description of the state selecting principle has been 
given by Ramsey (ref. 3) and Zandee et al. (ref. h). Here we will only 
outline the basic ideas applied to the H molecule in the rotational 
j = 1 state; the outline will be directly applicable to dimer state 
selection (see section 2.3). 
An uncollimated hydrogen beam enters the Α-magnet. Consequently, 
in order to reach slit Dl, molecules with m = 0 must travel along the 
beam axis, whereas molecules with nu. = +1 and IIL. = -1 must leave the 
source under a certain angle (> 0 and < 0) in order to permit the mag­
netic force in the Α-magnet to redeflect them towards Dl. (The small 
rotational magnetic moment μ. = 1/6 μ is disregarded here, in order 
J -'-
to simplify the discussion). The B-magnet's gradient is reversed com­
pared to that of the Α-magnet. The ITL. = 0 molecules, travelling along 
the beam axis, reach the detector slit undeflected, whereas the nu. = + 1 
molecules passing through Dl - their paths being inclined with respect 
to the m T = 0 beam - are driven back to the beam axis at D2 by the action 
of the B-deflection-magnet. If transitions produced inside the RF coils 
change the m- quantum number of the molecules passing through Dl, the 
B-magnet cannot drive them back anymore if m becomes equal to zero; if 
m was equal to zero before the transition, the B-magnet will repel! 
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these molecules from the beam axis after the transition has been induced. 
Thus, whenever the RF frequency is tuned to a molecular resonance, a de­
crease of the beam signal is monitored (flop out mode of operation). 
An important point of this kind of spectroscopy is, that the time 
of flight of the molecules through the RF coils determines the high line 
resolution achieved (see section 2.3). 
Throughout this chapter, ve often discuss measurements on two spe­
cific ortho hydrogen hyperfine transitions; they will be referred to as 
the ВС line (i.e. F = 0 - M - l , m = 0 - < - > - - 1 and the CF line (i.e. 
F = 0-<->-l, п и = 0 •«->• I), using the notation of Ramsey (ref. 3). 
2.2 SOURCE CONDITIONS 
The low temperature source used in the experiment, consists of a 
copper source body which is clamped on to a Leybold-Heraeus Klipping 
helium cryostat (РЖ 500). The liquid helium flow (0.5 1/h at h2 K) is 
controlled electronically using a carbon resistor, mounted on the source 
body. The temperature is constant within a few tenths of a degree. The 
carbon resistor is calibrated by means of vapor pressure measurements 
of neon and nitrogen. 
The nozzles are platinum-iridium electron microscope diaphragms 
(Siemens or Philips), which are pressed to the source body by a small 
copper plate, using indium for sealing. The best results were obtained 
with 0 20 pm and 0 30 vim hole diameters. 
The source chamber is pumped by a baffled 1000 l/s jet pump 
(Leybojet 1000/4) and the space between the two skimmers by a baffled 
3100 l/s diffusion pump (Balzers DIF 250). The second skimmer is con-
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nected to the high vacuum part of the apparatus by means of a 30 cm long 
tube with 50 mm diameter. 
In order to avoid clogging of the nozzle by impurities of the 
low grade hydrogen used, we led the supply gas through a liquid nitrogen 
cooled zeolite trap. 
Table 2.1 gives some characteristics of the source components to­
gether with typical source conditions and resulting beam properties. 
The beam signal I versus the stagnation pressure p, roughly fol-
+ + 2 
lows I p ^ p, for the monomers and I- ^  ρ , for the dimers; the same re­
sult was obtained by van Deursen et al. (réf. 5). There, a source pressure 
Table 2.1 
nozzle : hole diameter 
channel length 
skimmer 1 : hole diameter 
cone height 
inner/outer half cone angle 
skimmer 2: hole diameter 
cone height 
inner/outer half cone angle 
nozzle-skimmer distance 
distance between the skimmer openings 
source temperature Τ 
stagnation pressure ρ 
gas load 
pressure source chamber 
beam velocity 
internal beam temperature 
dimer to monomer fraction 
Table 2.1 Characteristic source conditions and resulting beam properties. 
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ρ is introduced indicating the pressure above which the m/e = 3 signal 
ll 
measures not solely the dimer beam intensity hut becomes contaminated 
by other cluster fragment ions. 
By means of the spectroscopic technique we are able to separate 
the pure dimer component from the total m/e = 3 signal. Both the m/e = 3 
signal and an o-o dimer spectral line intensity are displayed in fig, 
2.2 as function of the stagnation pressure p. The slopes of the two 
curves differ significantly, but since the measurements were performed 
at ρ > pT this is not in contradiction with van Deursen's findings. The 
intensity ¡arbs)-
20 /© 
/^-p 210 
Fig. 2.2 
Behaviour of beam intensity on m/e = 3 
(ourve 1) and spectral dimer line in-
tensity (curve 2, ortho-ortho dimer, 
Nr. 34-+5), as a function of stagnation 
pressure ρ (20 vm nozzle at Τ =46 
К); the arrow at 223 torr defines the 
pressure p. above which the m/e = 3 
signal on the mass spectrometer be­
comes contaminated with higher cluster 
ion fragments. 
100 200 500 1000 p(torr| 
fact that the two curves reach their maximum values at different pres­
sures is additional proof for the statement, that the m/e = 3 signal 
partly originates from higher clusters. 
The most probable monomer beam velocity was estimated using 
ι U l i 
ν = (2c Τ ) 2 , where с = 1.0І+5 10 J kg K" (réf. 6) and Τ is the 
ρ s ' ρ s 
source temperature. This formula is derived assuming pure isentropic 
expansion. The velocity determined in this way is very close to values 
measured with a velocity selector (e.g. a calculated value of 937 m/s 
versus a'measured value of 930(20) m/s at ^ 2 K). 
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We also determined the velocity from spectral line widths. The 
values found in this way agree with those determined from аЪо е formula 
(e.g. at k2 K, instead of a calculated value of 937 m/s, we found 
910(1+0) m/s from the Rahi pattern line width of 5.6(2) kHz, and 926(30) 
m/s from the Ramsey pattern line width of 1.10(3) kHz). 
From the experimental line shape (section 2.3) we qualitatively 
conclude that the velocity distribution is quite narrow; we assume the 
FWHM to Ъе less than 6%, a value used by Zandee et al. (réf. h) under 
similar conditions. 
The velocity of the dimers, as determined Ъу van Deursen et al. 
(réf. 5) deviates less than 15% from the monomer velocities over a wide 
range of stagnation pressures; the dimer velocity was measured to he 
lower, always. Within experimental error of determining line widths (5$ 
for the strongest dimer lines) we found the monomer and dimer velocities 
to Ъе the same under working conditions. 
The internal temperature was estimated from the intensity ratios of 
an L = 0 to em L = 1 dimer spectral line. We found values between 0.5 К 
and 1 К(réf. Τ). 
Under working conditions we found 10$ for the contribution of beam 
molecules to the dc background signal on m/e = 2, whereas the much smal­
ler m/e = 3 background was raised by a factor of 6 by switching the beam 
on (these values were obtained by direct mass spectrometer measurements). 
The dimer to monomer fraction in the beam is (3+2)%. The upper 
limit is given by the typical ratio of the m/e = 3 and the m/e = 2 beam 
signal; the lower limit originates from an estimate of the total dimer 
spectral line intensity (11 lines) with respect to the total monomer 
spectral line intensity (2 lines) in zero magnetic field. 
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The strongest o-o dimer line (Nr. 3 -*-*• 5 for notation see chap­
ter 3) vas measured to he 0.3% of the CF monomer line in zero magnetic 
field. In the early stage of the experiment we wanted to identify the 
up to then measured dimer lines as belonging to either the o-p or the 
o-o dimer spectrum. To this purpose, we inserted an ortho-to-para 
converter at 1+0 K, which was connected to the cryopump; it consists of 
a cylindrical pot containing 100 ml of Fe 0». By mixing "normal" and 
converted hydrogen, we were аЪІе to vary the concentration of ortho 
hydrogen from Ю% (totally converted at 1+0 K) to 75$ (totally normal). 
The conversion rate was determined from the intensity ratio of the mono­
mer CF line in converted and normal hydrogen. 
In the last stage of the experiment we wanted to determine the po­
sition of an o-o dimer line (Hr.1 -*-»• 2) lying very close to an o-p 
dimer transition (Nr. 1 -«-»• 2, see table 3.3). The distinction was made 
using up to 95? enriched ortho hydrogen (ref. 8); applying equilibrium 
theory, this leads to 11$ o-p dimer components in the o-o dimer beam. 
The ortho fraction in the hydrogen gas was determined by taking the ra­
tios of the (j = 0 -*• 2) and (j = 1 •*• 3) Raman transitions. 
2.3 STATE SELECTION M D RF TRMSITIONS 
As pointed out already in section 2.1 the state selecting elements 
consist of 2 inhomogeneous Rabi magnets and one homogeneous magnet con­
taining the radio frequency coils to drive the transitions. 
For the convex pole piece of the Rabi magnets we use a rod of 30% 
Co-Fe alloy (Vacoflux 50, saturation field 23.5 kC), embedded in a soft 
iron body. The concave pole piece is also of soft iron. The pole pieces 
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are placed in the so called two wire field configuration in order to get 
an area of uniform field gradient (ref. 3 ) . A cross sectional view of 
the КаЪі magnets is drawn in the upper left corner of fig. 2.3. 
beam intensity, arbs 
H j l with magnetic 
N Ht ƒ gradient held x
 \ \ 4
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Fig. 2. 3 Magnetie defleation patterns of molecules detected on m/e-2 
(H ) and m/e=3 (mainly (H ) ) ; for the latter one also the 
zero gradient profile is shown, ρ stands for stagna­
tion pressure; H. stands for (HJ*. The here employed mag­
net differs from those characterized in table 2.2, which were 
used for the spectroscopic measurements. 
At the entrance and exit of each Rabi magnet we glued iron wedges 
(2 cm long) in order to let the field gradually reach its maximum value. 
We did this to minimize the occurrence of Majorana transitions (section 
2.5). 
Characteristics of the Rahi magnets are displayed in table 2.2. 
A collimated molecular beam, submitted to a magnetic field gradient 
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length U50 nm 
radius of convex pole piece 2.38 mm 
radius of concave pole piece 2.75 mm 
-1 -1 
gradient per unit current 1.3 kG mm A 
maximum gradient 9 kG mm 
Tabte 2.2 Chavaeteristics of the inhomogeneous A- and B-magnets. 
will split according to its magnetic properties. The oЪΞerved deflec­
tion patterns for hydrogen monomers and dimers are shown in fig. 
2.3. 
The (ortho) hydrogen deflection curve displays three maxima; left 
and right the Im-J = 1 and in the middle the m = 0 sub-heam; the lat­
ter is higher as it also contains all para Hp molecules. The m. split-
ting is not resolved in the apparatus (μ. = 1/6 μ , see table 3.1). The 
J 1 
asymmetry in the deflection pattern stems from the differences in field 
gradient near the two pole pieces. 
The dimer deflection pattern looks quite different; no sub-heams 
are distinguishable, but significant broadening of the central.peak 
occurs when the magnetic field is switched on. The deviating behaviour 
of the dimers compared to that of the monomer is explained by 1). the 
higher mass at almost the same velocity causes less deflection although 
higher nu values are present, and 2). the occurrence of higher m. values 
masks eventual IIL. sub-beams. 
After all, the clear evidence for dimer beam deflection spurred us 
to apply the magnetic beam resonance technique to (Hp)p dimers. 
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The C-magnet pole pieces are two rectangular soft iron slabs 
(2 x 1+9 x 7.5 cm ) at a mutual distance of i+.б cm. The field is set to 
zero by compensating the stray fields of the A- and B-magnets. We determined 
its strength by measuring the position of the hydrogen CF line; the 
field strength then follows from (ref. 9) 
^ = ЗМЛЗІ + 2.1+65 В + О.ОІ+295 В 2 (2.1) 
иг 
Here, ν is the transition frequency in kHz and В the magnetic field 
strength in Gauss. 
In between the C-field pole pieces, the Rl·" coils are placed to­
gether with a movable slit holder containing two variable slits, sepa­
rated by k mm; in the experiment, nearly always a 200 μιη slit was chosen. 
The Rabi set-up consists of a single coil (length 130 mm) placed 
near the middle of the C-magnet; in the Ramsey set-up two short coils 
are positioned near the ends of it (coil length 20 mm, UOO mm separa­
tion), which results in a considerable decrease of line width (factor 
of 5). Characteristics of the coils are displayed in table 2.3 together 
with resulting line widths. 
The transition matrix element between two non-degenerate states 
|p> and |q> of a two-state-model is given by 
<p|v|q> = fib cosiot (2.2) 
Here, V stands for the Hamiltonian due to the RF perturbation and ω is 
the angular frequency applied to drive the transition. 
For the Rabi set-up, the probability of finding a single molecule 
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in the state |q>, if at τ=0 it was in |p>, is given Ъу the Rahi formula 
(ref. 3) 
Ρ = (X2 + I)" 1 зіп2{Ът(Х2+і)Ь (2.3) 
Here, X = (ω -ш)/2Ъ, ω
η
 is the angular resonance frequency and τ is the 
time the molecule spends in the RF coil. At resonance, a complete tran­
sition Ρ is obtained for Ът = π/2 ("optimum condition"). 
PQ. 
For the separated oscillating fields a formula similar to eq.(2.3) 
is derived by Ramsey (ref. 3); now, τ is the time the molecule spends 
in a short coil. For a complete transition at resonance holds Ът = Ti/k. 
This is illustrated in fig. 2.1+ where the calculated probability P, 
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Fig. 2.4 Calculated population of a state \q> for molecules, original­
ly being in state \p> as a function of frequency, for a "two 
coil" seL-up. τ is the time, spent in one coil and b is a 
measure of the perturbation strength, ν (vJ the applied (re­
sonance) frequency. For the coil length and the coil separa­
tion we used the values of table 2.3; for the "monochromatic" 
beam velocity we took 800 m/s. For bx = π/S and bi - Ζτ/8 
the central maxima have identical shapes. The bi = π/fl curve 
is not displayed completely for reasons of clarity. 
1) See appendix Λ. 
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is displayed as a function of frequency, for four different perturbation 
strengths. The fast oscillations form the interference pattern, produced 
Ъу the separated coils; the line width is determined by the coil sepa­
ration. At Ът=тгД, the envelope of the fast oscillation pattern (not 
a straight line) resembles a "normal" spectral line, with a line width 
determined by the coil length (i.e. 2 cm). 
Recordings of the hydrogen CF line, employing both the Rabi and 
Ramsey set-up are shown in fig. 2.5; we have set the field to a value 
H2 hyperfine transition 
(Г) single coil 
FWHM = 5SkHz 
(2) separate coils 
FWHM = Π kHz 
15 20 
(v-vo) [kHz] 
Fig. 2. 5 The measured hydrogen CF hyperfine transition at 10 Gauss 
applying the Rabi (aurve 1) and Ramsey (curve 2) set-up. The 
averaging time was 25 minutes at an RC-time of 0.1 second, 
d . Τ and ρ stand for nozzle diameter, source ternperature 
and stagnation pressure, respectively. 
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of 10 Gauss to Ъе sure of inducing a two level transition. 
In contrast to measurements with effusive beams (ref. 3), the Rabi 
curve exhibits two "satellites" at either side of the proper maximum. 
Their presence demonstrates the narrow velocity distribution in our ex­
periment; in addition, the ratio of satellite intensities to the centre 
line intensity (θ.13(Ό) compares rather well with the theoretically 
expected value of 0.II6 (eq. 2.3)). 
From the satellite separation, one can derive b = 1.06(5) 10 rad s~ , 
This number leads to two important tests; first, with a coil length of 
13 cm and a beam velocity of 937 m/s one finds bx = 1.46(7) which is 
very near to the optimum condition Ът = π/2; second, with 
Ъ = l(g-r-g-)u„ B-^ M /2fil , it follows that the Rabi measurements of 1 ьj &j' KN RF pq ' ' 
fig. 2.5 were performed at an effective oscillating field strength 
BT)T;,//2 = 1.15(5) Gauss, a value rather well in agreement with the di-
rectly measured one of table 2.3. (in above expression for b, B 0„ is 
Кг 
the amplitude of the RF magnetic field and M = 1//3 the matrix element 
connecting the two states involved). 
The asymmetry of the Rabi line shape is caused, in our opinion, 
by field inhomogeneities inside the 13 cm long RF 3 coil, and will be 
discussed in section 2.5· 
The behaviour of the line centre intensity as a function of applied 
coil current (i.e. perturbation strength) is what one should expect 
from a two level system, irradiated by "monochromatic light" at reso­
nance; the intensity reaches a maximum value, drops to nearly zero and 
starts to increase again when the current is increased. 
In fig. 2.5 the hydrogen CF transition is also displayed measured 
with the Ramsey set-up. Contrary to the effusive beam interference 
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quantity long coil short coil unit 
length 
coil diameter 
distance hetween coils 
wire diameter 
number of turns per coil 
current per coil 
oscillating field strength В 
Кг 
line width (FWHM) 
130 
12 
-
0 . 8 
160 
8o 
1.23 
5.6 
20 
12 
І400 
0 . 8 
22 
200 
2ЛТ 
1.1 
2) 
nun 
mm 
mm 
mm 
-
mA 
G 
kHz 
Table 2.3 Charaeteristics of the coils in the Rdbi (long soil) and 
Ramsey (pair of short ooils) set-up, together with resul­
ting line widths (FWHM) at 42 К source temperature. 
1) effective value; 2) effective field strength in 
the centre of a short coil (length - diameter). 
pattern of ref. 3, many fast oscillations are clearly resolved. For a 
monochromatic beam the line width of the envelope is determined Ъу the 
time the molecules spend in a 20 mm coil. In the present supersonic 
beam experiment, the amplitudes are damped slightly faster due to the 
velocity spread of about &%, 
The line centre intensity as a function of coil current behaves 
the same way as described above for the Rabi set-up. 
In section 2.5 we shall discuss more details about the double 
coil interference pattern; in particular, possible spurious line shifts 
due to С field inhomogeneities will be shown to be smaller than 0.06 
kHz in our experimental situation. 
il* 
2. it DETECTIOH 
In the experiment, a hyperfine transition is detected whenever ra­
diation frequency causes a decrease of Ъеаш signal. The detection scheme 
is displayed in fig. 2.6. 
EM 
l - ^ t lock m amplifier — 
5 Hz 
Л ^ 
oscillator 
t con trig 
5Hz AM 
RF signal 
4 • Ь 
ITU 
CAT 
AA 
Hz + -Ly-^í " 
ι—I г ι 
ρ 
Χ-Y recorder 
l¿1 
vacuum housing 
Fig. 2.6 Blook diagram illustrating the detection scheme. Explanation 
of component functions and used abbreviations are found in 
the text. 
The ionized and mass selected molecules hit the first dynode of an 
electron multiplier (EM) and the resulting signal, - after pre-amplifi-
cation (PA, MOS MS 11L) - is phase sensitively detected in a lock-in 
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amplifier (РАЕ 120). Its output is connected to a hOO channel signal 
averager (CAT 1*00 B) in order to enhance the signal to noise ratio (SNR) 
Ъу repeated scans. Finally, the thus measured hyperfine line is read out 
on an XY recorder. 
The 5 Hz reference signal of the lock-in amplifier triggers both 
the frequency oscillator (WAVETEK 13*0 to open its gate, periodically, 
and the address advance (AA) unit of the CAT to proceed to the next 
channel. With increasing channel number the CAT produces a stepped saw­
tooth which is fed into the frequency control (f.con.) of the oscillator 
causing a frequency sweep. 
The produced 5 Hz amplitude modulated (AM) radiofrequency (RF) 
signal is amplified (in a home built amplifier for frequencies up to 
50 kHz and in a commercial amplifier, - EMI 2k0 L- for higher frequen­
cies) and then sent to the transition coils via an isolation transfor­
mer. This galvanic separation was necessary to prevent serious feed 
back to the detection system. 
In the secondary circuit we placed a resistor to measure the cir­
cuit current. Pick up (pu) coils only serve monitoring purposes. 
It takes 65 seconds to scan in a single sweep over 15 kHz for the 
Rabi set-up and over 3 kHz for the Ramsey set-up; typical averaging 
times are 3 minutes for a hydrogen line, 30 minutes for the strongest 
dimer lines and 2 hours for the weakest ones. In order to rule out elec­
tronic delay effects, every measurement was repeated with a reversed 
frequency sweep. The final frequency being the average value, differed 
from the single measurements typically by 0.I5 kHz for the Rabi and 
0.05 kHz for the Ramsey set-up. 
Fig. 2.7 shows a dimer line measured with the Ramsey set-up. 
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line intensity (ARBS) 
1 2 
(v.-v) in kHz 
Pig. 2. 7 Ortho-ovtho dimev kypevfine transition Nr. 3 -<-*• .5; nozzle 
diameter 20 ym; зоигае temperature 42 K; stagnation pressure 
S80 torr. Averaging time 45 minutes at 0.3 seaonds RC-time. 
В - 0.02(2) Gccuss, ν = 481.44(4) kHz. 
An Hg-line could Ъе recorded directly with a SWñ of 20 at 0.3 sec-
onds НС-time, the strongest dimer line with a SHR of 3 at 3 seconds 
RC-time. 
2.5 MACHINE EFFECTS ON SPECTRAL LINES. 
In the present section we discuss several effects which cause devi­
ations from ideal behaviour of the apparatus. 
Spectroscopy means determination of resonance frequencies as ac­
curate as possible. However, distortions may cause line centre shifts; 
they may occur in the single coil and -less probably- in the double 
coil resonance technique (ref. 3). 
In the present experiment we have found slightly different results 
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applying both methods. 
In the chapters 3 and h it will appear that one specific o-p dimer 
line (Nr. 2 •*-*• 3) lies slightly helow the hydrogen CF line. With the 
Ramsey method, the separation was measured to be 2.39('*) kHz (9 mea-
surements in 0, h, 6, 8, 10 and 90 Gauss) whereas with the Rabi set-up, 
the separation was found to be 1.8(1) kHz (7 magnetic field settings; 
0, U, 6, 8, 10 and 90 Gauss). 
A direct comparison between the two techniques also yielded dif-
ferent results; for the o-p dimer line (Nr. 2 •*->• 3) the difference was 
0.61(15) kHz (2 measurements, in 10 and 90 Gauss, where the Rabi method 
yielded the largest frequency), whereas for the hydrogen CF line no dif-
ference was measured within 0.2 kHz (6 measurements in 0,10 and 90 Gauss). 
Other dimer lines (in particular 0-0 dimer, Nr. 3 •*•* 5 and 0-0 dimer, 
Nr. 2 •*-* h) did not exhibit any difference between the two methods with-
in the experimental accuracy of typically 0.3 kHz. 
Now we shall discuss possible causes for these differences. 
_1_. In a zero magnetic C-field measurement, a spectral line, in general, 
is composed of several transitions, all with the same ¿F but different 
Am_. In the high field limit, some of these Дт_ components correspond 
to m T flops, others correspond to m. flops. Only the asymptotic Дт 
transitions contribute to the zero field spectral line intensity, since 
in that case, in general, the magnetic moment change leads to a suffi­
cient disturbance of the deflection pattern in the В magnet. 
In nearly zero magnetic C-field (i.e. the field splitting is still 
smaller than the line width), the line shape, in general, is asymmetric, 
because ADL transitions, which correspond to asymptotic am. transitions, 
are not detected; this asymmetry leads to line centre shifts. 
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Apart from the deliberate production of AIIL transitions, sudden 
changes in magnetic field strength, -accompanying, in particular, a 
field inversion-, may also unintentionally cause magnetic moment flops, 
the Majorana flops. Since each transition may behave differently in 
Majorana-active-zones, the line centre shifts become unpredictable in 
nearly zero magnetic field. 
In order to minimize the occurrence of Majorana flops, we smoothed 
the change of field strength at the ends of the parallel Rabi magnets 
(section 2.3) and avoided the use of magnetic materials for all compo­
nents of the state selecting region. Yet, in intermediate magnetic field, 
ve have detected Hp hyperfine transitions which ideally would have been 
forbidden. Moreover, tuning on the CF transition (corresponding to 
Am- = 1 in the high field limit) we gradually inverted the magnetic C-
field, and found in stead of the CF line-, the ВС transition (correspon­
ding to Am. = 1 in the high field limit). Note that the CF- and ВС-
J 
transitions coincide for zero magnetic field. 
The slightly different results for the Rabi and the Ramsey set-up 
cannot be explained by the occurrence of the Majorana flops; these could 
only give different results in nearly zero magnetic field (for the hy­
drogen CF line and the o-p Nr. 2 •*-*• 3 line) since only then the line 
might be composed of the "allowed" and "forbidden" transitions. 
Preliminary spectroscopic dimer measurements were performed using 
the configuration described by Zandee et al. Especially the C-field was 
quite different. Then - as has been emphasized-, no such Majorana flops 
were found, (ref. h). 
2. In the state selecting region, the monomers follow other paths 
than the dimers and therefore might feel different magnetic fields. 
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The path difference may Ъе in horizontal and vertical direction. To rule 
out this possibility, we measured the hydrogen CF line by inserting ver­
tical slits in order to confine the beam in vertical direction, and at 
different temperatures (1*0, 80, and 150 Κ) , in order to force the mole­
cules to follow other horizontal paths. No effect at all was detected, 
neither with the Ramsey nor with the Habi set-up. 
_3. The line shape of a transition, among other parameters, is deter­
mined by the applied coil current. For Hp and (H ) , with the Rabi set­
up, we did not see any shift of the line centre as a function of applied 
current, not even when the line began to show a dip in the centre. Also 
the Ramsey line centre (tested on H_) stayed at the same frequency at 
higher currents, (see also fig. 2.1*) 
Differences in applied current for the first and second coil do 
not influence the line shape very strongly (ref. 3). In the present 
experiment, the currents were the same within 5? (determined by the 
pick up coils). 
Different phases could also influence the line shape; however, 
the two pick up coil signals matched completely on a double beam oscil­
loscope. 
We also performed some Ramsey measurements with the coils put in 
series in stead of parallel connection; we recorded the lines on the 
same position. 
h_. Finally, we discuss C-field inhomogeneties. When we determined 
the magnetic field in the middle, at the far ends and the average value 
in the C-magnet, we found differences of 0.3 Gauss typically. The magne­
tic fields were determined by measuring the hydrogen CF line (eq. 2.2) 
using the long coil (RF 3), and the short coils RF 1 and RF 2 separa­
lo 
tely; the average field strength followed from a double coil measurement. 
In order to investigate the influence on the line position we placed 
iron plates at the entrance ani exit of the C-magnet and thus equalized 
the magnetic field strengths at the ends; however, no change in line po­
sition was detected, with the Ramsey method. 
Apart from this experimental proof, we derived a formula for the 
population prohahility Ρ , in the case that the field strengths in the 
middle and at the far ends are different. The largest line shift is 
found when the end fields are ahout equal and the middle field deviates. 
The result of the calculation is displayed in fig. 2.8; for a field 
- 2 - 1 0 1 2 
(v-vj in kHz 
Fig. 2.8 Calculated population of state \q> for moleoules originally 
being in state \p> as a function of frequency, for the "two 
coil" set-up. The solid lines represent the situation in an 
ideally homogeneous C-field, whereas the dashed lines are 
obtained for the case that the homogeneous magnetic field in­
side the two coils is 0.4 Gauss higher than in between. (For 
the other relevant parameters, see the caption of fig. 2.4.) 
see appendix A. 
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difference of 0.1* Gauss, the line centre shift increases from 20 Hz for 
Ът = π/8 (not drawn) to 60 Hz for optimum perturbation (Ът = π/U); for 
Ът = 3π/θ it amounts 150 Hz, still much smaller than the effect we are 
searching for. 
The Ramsey set-up thoroughly investigated thus, was found to be 
free of non-negligible distortions. 
The Rabi set-up produces a very asymmetric line profile as we have 
seen in fig. 2.5 already. This phenomenon is well known in molecular 
beam magnetic resonance experiments and is explained by non-uniformities 
of the C-field. (refs. 3 and 10). 
We have performed a calculation of the resonance curve, for the 
case that the resonance frequency in the first 65 mm of the Rabi coil 
differed by an amount of 1 kHz from that of the second half; 1 kHz cor­
responds to about 0.3 Gauss, for the hydrogen CF line. At "optimum per­
turbation" and a velocity of 937 m/s, the line centre shifts by 0.5b 
kHz! 
Since the size of this shift is very near to the measured one, 
we conclude that the discrepancy between Rabi- and Ramsey set-up stems 
from the C-field inhomogeneities inside the 130 mm long RF 3 coil. 
Hence, the transition frequencies obtained by the single coil set-up 
are rejected where separated coil results are available. In Chapter k 
a number of experimental dimer spectra frequencies are single coil 
results; in these cases the experimental errors are larger than the 
line center shift values discussed above. 
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CHAPTER 3 
THEORETICAL FRAMEWORK 
3.1. INTRODUCTION 
In this chapter the theoretical aspects of the dimer spectrum will 
be discussed. In normal hydrogen, 75$ ortho H„ (I = 1, odd j) and 25$ 
para H„ (I = 0, even j) is present. Since our experimental circumstan-
ces lead to internal beam temperatures as low as 1 K, only the states 
of lowest rotational energy are populated (ref. 1). Transitions from 
the ortho- to the para-species are practically forbidden. Hence, in the 
H_ beam 75$ ortho hydrogen with j = 1 and 25$ para hydrogen with j = 0 
is present. 
A dimer can exist in 3 different modifications, para-para (p-p), 
ortho-ortho (o-o) and ortho-para (o-p) (Hp)„. The p-p dimer has no 
hyperfine spectrum and furtheron will be unmentioned. On the other 
hand, in the o-o and o-p dimershyperfine interactions are present, 
leading to a measurable hyperfine spectrum. 
The objective of this chapter is to determine the entire o-p and 
o-o spectrum and to investigate the influence of the various terms of 
the Hamiltonian, especially on the hyperfine splitting. The position of 
the hyperfine levels is influenced by the angular dependent parts of 
the intermolecular potential, thus supplying us the tools to determine 
their strengths. 
kk, 
3.2. THE HAMILTONIAN 
The Kamiltonian descri'bing the ( H 2 ) 2 dimer is written as 
к
 = - й 4+ i)2 + h v4 + Φ+ h B ( R ) i 2 (3-la) 
+ V
o ( R ) + ν Δ Τ ( Κ ' Θ 1 ' 0 Ρ ) + Σ V ? ? X ( " ' í r : ? 2 ) ( 3 - 1 Ъ ) 
0
 AI 1 2
 x=0q?ìh 22λ 1 ¿ 
+ H i j + H i i + H i i ( 3 · 1 ( 
*) , The symbols in this expression are defined in ТаЪІе 3.1 (see also 
Fig. 1.2). The Hamiltonian consists of three parts: vibration and rota­
tion (3.1a), the isotropic and angular dependent parts of the intermo­
lecular potential (3.1ΐ>) and the hyperfine interactions (3.1c). 
The dimer forms an asymmetric rotor with internal degrees of free­
dom. In the most unfavourable case, Ray's asymmetry parameter к = 
-0.9992, which is very close to -1, the value for a prolate symmetric 
top molecule. The moment of inertia along the dimer axis is a factor of 
50 smaller than those perpendicular to this axis. Therefore, no angular 
momentum component along the dimer axis can occur without leading to 
dissociation; hence the rotational energy of the rotating dimer is 
described very well by the third term in Eq. (3.1a), i.e. the dimer 
behaves like a diatomic molecule in a Σ-state. The second term is the 
rotational contribution of the two constituting lU-molecules (internal 
degrees of freedom). 
*) underlined quantities stand for vector operators 
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Table 3.1. 
Symbol 
r
o 
R
o 
ъ
о 
eQ 
с 
d 
d4R0) 
gI 
Definition 
equilibrium internuclear separation 
in H2 
(approximate) equilibrium H -H 
separation in the dimer 
2 
1ι/8π I , rotational constant of H„ 
M 2 
(l moment of inertia) 
electrical quadrupole moment of H 
spin-rotation constant in H-
spin constant of H 2 
intermolecular spin-spin constant 
2μ /P N> H 2 nuclear g-factor (u 
Value 
0.71+156 
5 
1779 
2.1906 10 
113.90Ц30) 
288.355(120) 
O.96096 
5.58569 
Unit 
S 
Я 
GHz 
. 2 Cm 
kHz 
kHz 
kHz 
Ref. 
2 
2 
3 
It 
1» 
5 
nuclear magneton; μ proton magnetic 
d ipole moment) 
g j Vj/v^, H2 r o t a t i o n a l g-factor 0.88291(7) 
V зпівд, reduced dimer mass (m^ mass H2 1.67356 10~ kg 
molecule) 
2 2 S 
YÍRQ) e Q /ίίττε hR , quadrupole-quadrupole 20.832 GHz 
i n t e r a c t i o n constant at R 
B(R ) h/8w I , dimer r o t a t i o n a l constant 20.0582 GHz 
a t R 0 w i t h I D = uRp 
V 2(R ) s t r e n g t h of R-dependent p a r t of V -19.1* GHz 
1*6 
Table 3.1. (continued) 
Symbol Definition 
j. rotational quantum number of i-th H- molecule 
J iL -^-1 
L quantum number of the end over end dimer rotation 
J i = j. + L 
I.. spin of the k-th proton in the i-th H- molecule 
I· 1- = 1.. + Ι.·о» 'total spin of the i-th H ? molecule 
I 1 - _!- + ¿p, total dimer spin 
F F = J + "Í, total angular momentum 
M„ projection of F on arbitrary reference axis 
r. position vector of i-th H- axis in arbitrary reference frame 
R position vector of dimer axis in arbitrary reference frame 
Θ. angle between r. and R 
Table 3.1 Definition and numerical values for the various symbols. 
The value for the d-constant is 5 times the value of 
ref. 4 due to a different definition. 
The V.T used here is an isotropic Lennard-Jones (12,6) 
AI _2 о 
potential according to Butz (t = S3.2 em , R
m
 - 3.30 A), 
combined with anisotropy parameters determined by Zandee 
<Я
ггв
 = 0.18, Ч2і12 = 0.24) (ref. 7). 
hl 
The V term in Eq. (З.ІЪ) describes the interaction of the non-
spherical charge distribution of molecule ι with that of molecule к 
which is considered to be spherical and vice versa, here, it depends on 
the angles between the H axes and the dimer axis. The general form is: 
V (R,01,02) = Σ hVn(R)[Pn(cos01) + P^cosOg)] (3.2) 
η 
Odd η do not occur for symmetry reasons. Terms with η > 2 do not con­
tribute because they would only mix j. = 1 (and Jp = 1) with j = 3,5,. 
(and j_ = 3,5,··), levels energetically so far off (ca. 200 cm ) that 
we neglect their contributior Fq. (3.2) thus reduces to 
V A I(R,0 1,0 2) = hV2(R)tP2(cos01) + P2(cos02)] (3.3) 
At long distances, V (R) Ъ R , i.e. Eq. (3.3) asymptotically approaches 
the leading anisotropic dispersion term. 
The last part of bq. (3.1b) stands for the other anisotropic mter-
molecular terms, describing the interaction between the two non spheri­
cally symmetric charge distributions, 
V2,X = W Σ cífíV^Vr^R) ( ) (3.U) 
ч^2\> 1 2 X v 1 v 2 Г
г λ) 
\ν, ν 0 ν/ 
The V ι term is the quadrupole-quadrupole interaction V with 
A„0j = S M O Y Í R ) , in its simplest form, the quadrupole-quadrupole inter-
2 2 5 
action constant Y(R) = С Q /(kitε»hR ) (see Table 3.1), more refined R-
denerdenccs are discussed in chapter k. 
The expectation values of the V . and V„p„ terms are a factor of 
about 100 smaller than the one of the V „ , interaction. At large dis­
tances they show a predominant R dependence and approach dispersion 
terms proportional to the product cf anisotropies of the polarizahili-
ties of both molecules (ref. 8,9,10). 
Eq. (3.1c) stands for the hyperfine interactions in the dimer. The 
terms H and H T T describe the spin-rotation and (intra-molecular) U 11 
direct spin-spin interaction within the constituting molecules, whereas 
H' describes the (inter-molecular) direct spin-spin interaction 
between them. 
The spin-rotation interaction constant с arises from two contribu­
tions (ref. 11); (l) the nuclear part which is the interaction of a nu­
clear spin with the field produced by another nuclear charge which ro­
tates around the first one and is shielded by its closed shells; the 
-3 
strength of this part is proportional to r , r being the distance 
nn nn 
between the two nuclei; and (2) the electronic part which is the inter­
action of a nuclear spin with the field produced by the rotating 
valence electrons of the molecule. Its strength is proportional to 
- 2 - 3 
r .r , r being the distance between the nucleus and an electron. 
nn ne ne 
For the dimer, the spin-rotation interaction 
i
u
 = - c h t t l ^ ) + (I2.i2)] (3.5) 
Here, Ramsey's sign convention is used for the c-constant (ref. k). Its 
value is assumed to be the same as in a single H„ molecule; in the 
dimer the Hp molecule will maintain its bond length and a slight per­
turbation of the electron cloud will occur only in its outer parts, 
presumably of negligible influence on с due to the г proportionality. 
^9 
The hyperfine interaction H is the direct molecular spin-spin 
interaction which has the form 
H = μ [(y .V - 3(u .r)(v. .r)]/kvr3 U —a —b —a —и 
Here, μ , μ. and r are the interacting dipoles and their separation; 
a b 
£ = gpUwpI» gp heing the proton g-factor and μ the nuclear magneton. 
The intra-molecular spin-spin interaction contribution in the 
dimer is written in tensor notation (ref. 12), 
„ _
 Λ
 ί.φ - ,(2)|Τ(1)1(1)1(2) lí0)+(íí: « ,(?), т(1)т(1),(2)\
(0) 
Η
ΙΙ - -
d h 3 / 5
 i{ 1 1} ^ІІ-^іг 3 / 0
 + V r 2 r 2 } {І21 τ22 } / 0 
(З.б) 
Here, d is the spin-spin constant in a single hydrogen molecule, 
ρ 2 -3 
d = μ.κ μ <r„ >/h-nh. For the dimer the experimental d value for the 
Op N O 
single molecule is taken because the H„ bond length is assumed to be 
unaffected by the presence of the second H„ molecule. 
For the inter-molecular dimer spin-spin interaction follows (with 
d'(R) =
 Уо
в^/(1игЫ?3)), 
Hii = -d •(R)h 3 / 5 { { R R }
( 2 ) { I 5 1 ) 4 1 ) > ( 2 4 (3.7) 
1
 ' 0 
At the intermolecular equilibrium separation of the dimer, d'(R) amounts 
to about 1 kHz (see Table 3.1). Due to the g-factor dependence of d'(R)) 
spin-spin interaction between j_. and j_ or ¿. and 1. (i У k) are 
neglected. 
An (l..L)-type interaction describes the interaction of spin I. 
—i — r — ι 
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with the magnetic field produced Ъу molecule k, taking part in the end 
over end rotation ( L ) ; it is neglected for 3 reasons: (l) the inter­
action is proportional to R~ ; (2) the nuclei of molecule к are strongly-
shielded Ъу their "closed shell" electrons: (3) the electronic contri­
bution is practically ahsent because of the closed shell structure of 
molecule k. 
The (¿. .L) interaction would even be smaller (g. = -ζ μ..) and is 
thus, also neglected. 
3.3. THE MATRIX ELEMENTS 
The wavefunction which is a solution of the Schrödinger equation 
is regarded as a sum of terms each of which is factorized in members of 
complete sets of vibrational, rotational and spin functions. 
The vibrational set is given by the numerical solutions of the R-
dependent part of the Schrödinger equation 
2 2 
[ - | ^ ( ^ + ¿) + L2/R2} + (V0(R) - E)H L(R) = О (3.Θ) 
In Eq. (3.8) the vibration is not disturbed'by the angle dependent 
parts of the potential. Truncating the set after its leading term 
(L = 0 or L = 1), we neglect the coupling to higher excited e.o.e. ro­
tational states of the complete set defined by the solution of Eq. 
(3.Θ) (those states (L > 1) would be dissociative). This implies that 
the vibrational solution φ
τ
(Κ) of Eq. (3.Θ) is a very good description 
of the vibration in the L = 0 and L = 1 state, respectively. 
In this approximation, averages of all R-dependent terms of the 
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Натіі опіаг. (Eq. (3.1)) are calculated, yielding <H>T_. for even L and 
Li— Ό 
<H> _- for odd L. The calculation of the angular and spin dependent 
parts is then carried out as for a rigid rotor, however, with different 
equilibrium separations and different <R_ > and <R~n>T for even 
L—0 L^ 1 
and odd L's, respectively. Functions like <V„> assume slightly diffe-
rent values for even and odd L. 
At first sight, there might seem to be an inconsistency in the 
restriction of L values to 0 and 1 ac far as the vibrational motion is 
concerned, on the one hand, and, on the other hand, the expansion to 
higher L values when dealing with the e.o.e. rotation of the rigid ro­
tor like system. This inconsistency, however, disappears if we consider 
independent complete sets of vibrational and e.o.e. rotational eigen-
functions; the vibrational functions arc restricted, then, to just one 
term (either the L = 0 or the T, = 1 function) whereas the e.o.e. rota­
tional functions are considered up to higher L values to allow for ro-
tional perturbation due to the angle dependent potentials (in section 
3.5 it is shown that the L-admixture is of the order of 5І* )• As to the 
vibrational motion such a perturbation is neglected, explicitly. 
We use the coupled representation |j...M.,> = | ( ( jL)JI )ГУ_> in 
which j and I are defined by (j^2)j and ((l T1p)ll (l?1Ipp)l2)l. 
The matrix elements that follow below are calculated using well 
known vector coupling formulae (ref. 12); derivations are given in 
2 —2 
appendix 3. The symbol <B> will be used for (ΐι/8π μ)<Ε > . Quantum 
l· L 
numbers with (first) subscript 1 always point to the ortho molecule 
in the dimer, whereas the subscript ? designates either an ortho or a 
para molecule. The symbol [1] stands for (21+1). 
* Corresponding to a squared amplitude of 2.5%· 
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м1 = <j...MF |b0(4 + 4 ) + ^ O ^ ^ L I J ' - ' - V 
^ ^ •
6
Ь Ь ' ^ '
6
І І ' ^ "
6
М ^
{ Ъ 0 ^ 1 ( - 5 І + І ) + J 2 ( J 2 + 1 ) } + < V 0 ( R ) > L } 
M2 = <j. . .M p |<B> ^ I j . . . . ^ = δ 5 ь ь і 5 ( І < І 1 6 І І 1 5 г р , 6 L Í L + I ) ^ 
S = < J - - - M F I < V A I > L I J ' · · · ^ • « ι ι . ^ - ^ . ^ ^ ί ^ ν - 1 ^ 2 1 1 3 0 / 5 
{ [ L H L M u i u · ] } 1 7 2 ( ) f J ! 
\o o o/ (L L' J) 
V J2 Ί 
Í J ' 2 j 
Ь j-, Ί 
M
u = ^ ¿ • • • M F I < V ( 1 Q I > L I ¿ , - M ¿ > = 6 I I - 6 J J ' 6 2 j 6 j j . 6 F T - 6 t U l i h ( - l ) J 1 8 , ^ / 2 5 2j j j ' - F F ' - M j ^ 
<γ(Η)> { [ L U L · ] } 1 7 2 j [ ( ) 
(L L· J) \O O O/ J 2 
I+I'+j+j '+Ip+jp+L+F 
м5 = ^ . . . M y l ^ j l j - . . . ^ = « L L , s F F , W - 1 ) 6 c h W 
{ [ T ] [ T ' ] [ j ] [ j ' ] [ J ] [ J ' ] } 1 / 2 
J J ' i | ÍJ J ' i 
o' j L) (I* I F 
e : :) I 1 I 1 i 2 i 
1 + δ 1 j , 
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{[ιΠΐ'ΠοΠ j ' l l J l l J ' ] } 1 7 2 I i f 2 1 ! 
(J J ' 2) (J J ' 2\ 
1 J2 1 
(ι
 + δ ) 
J 2 
l+J'+J+L'+L+.i+I+F 
•V-a-VdJ'^^^^^1)'"^^1"* 
F F 
x { 1/2 /
L 2 L\ i J J ' 2 ) [J] [J1] [L] [L·] [I] [V]V/¿ J { \ 
\o ο ο/ (ι· ι F) 
J 2 J } {! ! ¡j (1+ 6 ) 
( L · j L ) ( l I ' 2) J 2 
M8 = SFF^^JJ'SLL'Sij'6IV<X220il{)>Lh{6/23W5 ^ ' ^ X 
{ : 3 ( ΐ + δ ) J 2 
M 9 = δ F F ' δ ^ u ^ ; δ J J · δ r I • ( б / 5 ) < A 2 2 2 ( R ) > L h ( - 1 ) ' j ' + J { [ L , [ L ' ] [ j ] [ j ' ] } x 
fl 2 ' V j' 1 j! i I) 
\o о о / ( L · L J ) (j j ' 2) 
( l + f i ) 
J 2 
The matrix element M is diagonal in all quantum nuinbers and will 
therefore he suppressed from here on. The second matrix element M pro­
duces a splitting of about 1*8.3 GHz (ref. 13) between the L = 0 and 
L = 1 rotational levels. 
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The V (M ) and V (M,) couple the L-levels within an even or 
odd L'-ladder according to the triangular relations A(L' 2 L) and 
Д(Ь' h L), respectively. The V „-r-element vanishes unless j = j' = 2 
and hence is only active in the ortho-ortho dimer. The admixture of the 
bound L = 0 and L = 1 levels with higher L'-levels turns out to he 
ahout 5% (section 3-5). The splittings produced Ъу these two inter­
actions (NL and M. ) both are of the order of 5 GHz. 
The hyperfine structure (M,- and K¿) causes transition frequencies 
in the range of 10 to 500 kHz. The c-interaction couples states of 
different quantum numbers obeying A(j 1 j'), Δ(ΐ 1 I') and A(J 1 J'), 
the d-interaction similarly,but obeying A(j 2 j'), A(l 2 I') and 
A(J 2 J'), all for a fixed L value. 
The matrix element M-, describing the inter-molecular spin-spin in­
teraction couples the L quantum numbers obeying Δ(L 2 L·'). For the o-o 
dimer, it causes a hyperfine shift, of 0.2 kHz, typically for L = 0 (via 
admixture with L = 2); for L = 1 its contribution is about 1 kHz. For 
the O-O dimer this intersction is absent. 
The V 2 2 0 and V 2 2 2 interactions (Mo and M ) cause a J-level shift 
of typically 0.2 GHz, for the o-o dimer only. The effect on most L = 0 
hyperfine transition frequencies is smaller than 0.02 kHz; however, the 
o-o Nr. 5 -<-»• 6 line is shifted by 0.13 kHz (for notation see section 
3.Ό. For L = 1 lines the effect is somewhat larger, but in general 
smaller than 0.05 kHz; the largest shifts are found for the o-o Nr. 
28 -(->- 30 and Nr. 13 «->- I1* lines, 2.6 and 1.2 kHz, respectively. 
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3.U. THE CONSTRUCTION OF THE BASIS SET 
As mentioned in the introduction, two modifications of (H„)p have 
to be considered, namely the o-o and the o-p dimer. 
The construction of the hasis set for the o-o species (made up of 
bosons) is restricted by symmetry requirements. The total dimer wave-
function must be symmetric with respect to an interchange of the two 
hydrogen molecules. Therefore, the total wavefunction is symmetric when-
ever (-l)L+j+I = +1. 
For the o-p dimer no symmetry constraints are imposed because this 
species is made up of two non-identical particles. 
The total basis set consists of an infinite number of states, e.g. 
the quantum number L might assume any positive integer value including 
zero. We are interested in the energy levels of the asymptotic L = 0 
and L = 1 rotational state. In truncating the basis set we are led by 
the coupling of the several interactions, in such a way that higher L 
states are taken into account only if they interact with the L = 0 and 
L = 1 state in a direct way (e.g. no L = 6 states appear in our basis 
because L = 2 would be the lowest state with a direct coupling). 
Moreover, the states are split into an even (L = 0, 2, k) and odd L 
(L = 1, 3, 5) set with no interactions between the sets. 
As a result, the truncated basis set for the o-p dimer contains 10 
even-L and lU odd-L states. The quantum number F assumes the values 0, 
1, 2 (L even) and 0, 1, 2, 3 (L odd). 
For the o-o species we have 75 even L and 68 odd L states, F vary-
ing from 1 to k. 
The entire matrix is calculated using the interaction matrix ele-
5¿ 
ments M- to NL of the preceding section. As F is a good quantum number, 
the matrix is subdivided into 10 o-o and Τ o-p submatrices, the largest 
of which contains UUl elements. 
3.5. THE THEORETICAL DIMER SPECTRUM IN ZERO MAGNETIC FIELD 
All submatrices described in the preceding section are diagona­
li zed, yielding the energy spectrum of the o-o and o-p dimer in zero 
magnetic field for the vibrational ground state. 
The coarse energy splitting between the two bound e.o.e. rotational 
states is described by the asymptotic e.o.e. quantum number L (L = 0 and 
L = 1). Although diagonalization of the matrices also yields the higher 
L spectra, these are disregarded having no physical counterparts in 
nature. 
The angular dependent parts of the potential (mainly V and V ) 
split each L-level into J-levels. Also due to these interactions the 
L = 0 (L = 1) level is mixed with L = 2 and L = 1» (L = 3 and L = 5) 
(see Fig. 1.3). 
Finally, the hyperfine interactions cause a splitting of the J-
levels into F-levels. 
For the o-p and o-o dimer, the entire level schemes are displayed 
in Figs. 3.1 and 3.2, In Fig. 3.2 even and odd I values are drawn sepa­
rately for purpose of clarity only. Numbers in parentheses refer to the 
different hyperfine states. The correspondence between these numbers 
and the quantum numbers belonging to each level are shown in Table 3.2. 
Although F is the only good quantum number, J and L - as asymptotic 
quantum numbers - are very useful in defining a certain level. For 
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ORTHO-ORTHO ( H 2 ) 2 
Nr. 
1,2,3,"i,5 
7,8 
9,10,11 
12,13,11* 
15,16, IT 
18,19,20, 
22,23,? l t , 
28,29,30 
31,32,33 
3h,3b 
1,2,3 
1* 
5,6,7 
8,9,10 
,6 
21 
25, 26 ,27 
j 
2 
0 
1 
2 
2 
1 
1 
0 
2 
1 
1 
1 
1 
1 
ORTHO 
L 
0 
0 
0 
-PARA 
0 
1 
1 
1 
J 
2 
0 
1 
1(A) 
3 
КО 
2(A) 
KB) 
2(B) 
0 
( н 2 ) 2 
1 
0 
2 
1 
I 
0,2 
0,2 
1 
1 
1 
0,2 
0,2 
1 
1 
0,2 
1 
1 
1 
1 
F 
h,3,2,2,1,0 
0,2 
2 , 1 , 0 
2,0,1 
h,2,3 
3 , 1 , 2 , 1 
1*,2,3,0,1,2 
1,2,0 
3 , 1 , 2 
0,2 
2 , 1 , 0 
1 
3,2,1 
2,0,1 
Table 3. 2. Numbering and -identif-toation of all levels oaaurr-ing in 
the dimer speatnm. The quantum numbers j and I (in parti­
cular) are not good quantum numbers; yet they are dis­
played here, since the basis states containing them, unam­
biguously are identified in the eigenfunctions. 
5a 
ORTHO-PARA (N2)21 Η 9 ' 3 ' 1 ' 0r'th°-Par'a М т е г sPeotrum 
in zero magnetia field. ® Θ Values in parentheses, 
100) , . 
0(91 numbertng the states, 2 IB) 
correspond with the numbers 
L=1 
1 (7) in Table 3.2. 
2 16) 
3(5) 
1 HI 
1:0 
0 131 
1 (2) 
2 ID 
(L= 1, J = 1, 2) an extra labelling is necessary (capitals А, В, C) as 
different (j-L)-combinations may yield the same value for J. 
Table 3.3 displays the energy values for the J-levels (with respect 
to the L-level, in GHz). The separation between the L-levels amounts to 
1*8.3 GHz (ref, 13). In Table 3.3 the frequencies are obtained using the 
f i t results <V2^B>o = -1·332 and < Y / B > 0 = I.7O8 (see chapter 1+) in 
combination with the <B>
n
 value calculated from the most recent ab 
initio potential by Meyer (ref. 8); the symbols <γ/Β> , etc. stand for 
<Y>0/<B>0, etc. 
For L = 1, <B>1 is calculated from the Meyer potential as well; the 
ratios <γ/Β>1 and <V„/B> are obtained by combining the f i t results 
for <V2/B> and
 <
Ύ / Β > 0 with the ratios [ <V /B>1] /[ <V /B> ] and 
[ <γ/Β>1] /[ <γ/Β> ] , also calculated with Meyer's potential. In Table ЗЛ 
all numerical values are summarized. 
In the f i r s t i n s t a n c e we n e g l e c t t h e h y p e r f i n e 
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Table .3.3. 
ORTHO-ORTHO ( H 2 ) 2 
J - l e v e l ^ 1 ^ F - l e v e r 2 ) F Кг 
(GHz) (kHz) 
2 -3.98 -I66.92I+ 
-III+.56O 
-101.021 
+226.I89 
+380.1+82 
+5З6.691 
0 - 1 . 8 8 -O.OI5 
+O.OO6 
1 -0.1+02 -1+2.2І+1 
-15.095 
+256.7I+I 
1(A) -16.5 -86.02 
-1+3.62 
+157.90 
3 -1+.28 -11+1.67 
+82.32 
+ 123.3!+ 
1(C) -4Λ6 -1+2.78 
-26.18 
-21.23 
+I61.29 
2(A) +О.96О -II+I.98 
-1+0.20 
+56.76 
+71.05 
+92.32 
+ II+6.66 
I ( B ) +2.36 -26.37 
-5.61+ 
+107.1+6 
2(B) +1+.66 -107.55 
+9O.8I 
+96.IO 
0 +11.1+ +0.01 
+0.01 
1+ 
3 
2 
2 
1 
0 
0 
2 
2 
1 
0 
? 
0 
1 
1+ 
2 
3 
3 
1 
2 
1 
1+ 
? 
3 
0 
1 
2 
1 
2 
0 
3 
1 
2 
0 
2 
1 
2 
3 
1+ 
5 
6 
7 
8 
9 
10 
11 
12 
13 
11 
15 
16 
17 
18 
19 
20 
21 
22 
23 
?ί+ 
25 
26 
27 
28 
?9 
30 
31 
32 
33 
31+ 
35 
6o-
Table 3.3 (continued) 
L 
0 
1 
1 
1 
J 
1 
0 
2 
1 
ORTHO-
J-level^ > 
(GHz) 
-O.562 
-10.5 
-1.35 
+5.27 
-PAEA (H 2) 2 
F-level(2) 
(kHz) 
-8U.)i51 
-30.Ult9 
+513.600 
0.00 
-8І4.82 
-UU.oo 
+271.26 
-71.37 
-30.27 
+129.05 
F 
2 
1 
0 
1 
3 
2 
1 
2 
0 
1 
Nr 
1 
2 
3 
U 
5 
6 
Τ 
8 
9 
10 
Table 3.3. Calculated position of all dimev energy levels in zero 
magnetic field. Values for the input parameters can be 
found in Table 3.4. The L - 0 to L = 1 separation amounts to 
48.3 GHz (ref. 13). The numbers (Nr) refer to the same 
levels as in Table 3. 2 and the Figs. 3. 2 and 3. 3. 
J-levels with r 
respect to J-level 
respect to L-level; F-levels with 
i n t e r a c t i o n s . Due t o the angulat· dependent p a r t s of t h e 
p o t e n t i a l (mainly V and V ) d i f fe rent L-levels are mixed within one 
J-va lue : 
| ΐ J> = a J t j D J ^ + a 2 l ( j ' L ) J I , > + B 1 | ( j " L + 2 ) J l " > + 
+ 8 2 | ( j " , L + 2 ) J I ' " > + 6 | ( j " "L+U)JI""> (3.9) 
The symbol |(jL)JI> designates a state of the basis set (the quantum 
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Symbol Unit L = 0 L = 1 
<v2/B>L 
< Y / B > L 
< B >L 
^ 2 2 0 ^ 
<k222\ 
<â
'\ 
[<
 2/в>1/< 
-
-
GHz 
GHz 
GHz 
kHz 
:V B >o ] 
Ι<γ/Β>1/<γ/Β>0] 
-1.332 
1.708 
22.80 
-2.111 
-13.25 
I.265 
0. 
0. 
-
-
20.i*5 
-1.829 
-10.59 
1.098 
9666 
9267 
Table 3.4. Numeriaal values used to obtain the results in Tables 3.2, 
3.3, 3.6 and 3.7. The two top entries are the fit results 
(see Chapter 4). The others are obtained using the Meyer 
potential (see text). 
numbers j and I are needed for definite identification). L is the a-
symptotic e.o.e. quantum number; actually, the size of the coefficients 
a., g. and δ clarifies the meaning of "asymptotic" in this case. 
In the o-p dimer, the V interaction is absent (j- and j„ cannot 
be added to j = ?), and the V cannot couple L with L+lt due the tri­
angular rules of the interaction matrix element M^ , (section 3.3). There­
fore, in Table 3.5 the coefficient 6 = 0 in all o-p states. 
For the 0-0 dimer, (L,L+l»)-mixing does occur (in two cases); the 
size of the δ coefficient is comparable with the B· coefficients, 
describing the (L,L+2)-mixing. 
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ORTHO-ORTHO (N2)2 
© 
133)2 
(3211 
(31)3 
(30)0 
129)2 
126)1 
(17)3 
116)2 
(15) t 
( U l i 
(13)0 
(12)2 
(11)0 
110)1 
19) 2 
—ч ® V-
, 2IB) 
KB) \ 
3 / 
ί 
f / ( 
I 
KA) / 
ч
\ L=1 
> 1 
(D 
: 2 ui 
\ КС) 
L=0 
un 
ч 0 
\ 2 
Ч·: 
© 
2(35) 
ОПМ 
2(27) 
1(26) 
0(25) 
3|2t) 
2 123) 
И22) 
1 (211 
2(20) 
1 119) 
3 116) 
2 IB) 
0 (7) 
Fig. 3.2. Ortho-ortho dimer spectrum in zero magnetia field. Separa­
tion of even and odd I states only serves the surveyability 
of the figure. The labelling of some J values with capitals 
in parentheses has been done for purpose of identification. 
Values in parentheses, numbering the states, correspond to 
the number s in Table 3.2. 
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ORTHO-ORTHO (Hp)-
|L J> 
|o ?> 
|o o> 
|o i> 
|l 1(A)> 
|i 3> 
|i i(c)> 
И 2(A)> 
|1 I ( B ) > 
|l 2(B)> 
|i o> 
|o i> 
|i o> 
|l 2> 
11 i> 
α
ι 
0.993 
0.996 
0.998 
0.930 
0.996 
1 
0.999 
0.9 Г 
0.9Θ6 
1 
0.998 
1 
0.999 
1 
a2 
0 
0 
0 
0.317 
0 
0 
0 
-0.299 
0 
0 
ORTHO-PARA 
0 
0 
0 
0 
ei 
-0.053 
-0.091* 
0.060 
ο.ιθΐ* 
-0.032 
0 
0.036 
-0.120 
-O.I65 
0 
(н 2) 2 
-0.065 
0 
-0.037 
0 
02 
-O.O78 
0 
0 
0 
-0.023 
0 
0 
0 
0 
0 
0 
0 
0 
0 
6 
-0.076 
0 
0 
0 
-0.077 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Table 3.5. L-admixture coefficients (Eq. (3.9)) describing the admix­
ture of the end over end rotational States in the ortho-
ortho and ortho-para dimer. L designates the asymptotic end 
over end rotational quantum number. 
6k 
ORTHO-ORTHO ( H ? ) 2 
О 
О 
О 
О 
1 
2 
О 
1(A) 
Кв) 
КС) 
2(A) 
2(B) 
3 
0.0378 
0.0169 
0.202 
0 
0.199 
0.125 
0 
0.010 
О.іб? 
0.115 
0.0917 
0.0292 
0.0700 
-о.оНоо 
0.U17 
-0.119 
0.200 
-0.021 
0.213 
0.109 
0.009 
0 
-0.162 
0 
-0.?92 
-0.090 
0 
0 
-о.ізі* 
- 0 . 1 11* 
ORTHO-PARA ( Н 2 ) 2 
0 
1 
1 
1 
1 
0 
1 
2 
0.0200 
0 
0 
0.011 
0.0329 
0.1*00 
-0.200 
0.059 
0 
0 
0 
0 
Table 3.6. Coeffiaients а, Ъ, and e (Eq. (3.11)), 
desaribing the sensitivity of the J-
Ъе еЪ positions with respect to <B> , 
L· 
<V
r
>T and <y>r. 
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Further, for o-o, the levels (L= 1, J = 1(A)) and (L = 1, 
J = 1(B)) are mixed, whereas (L = 1, J = 1(c)) is a single state 
- (L = 1, J = ?(A)) and (L = 1, J = 2(B)) are mixed neither -; the 
reason is the Kronecker sysmbol 6 , in the angular dependent inter­
action matrix elements M_ and M. in section 3.3 (see also Fig. 3.2). 
Still neglecting the h.f.s. we determine the dependence of the 
energy levels (J) to <Vp>, <B> and <γ> by the following expansion 
E (B,V γ) = E (В ,V
 п
, у ) + аДВ + ЪДВ, + εΔγ (ЗЛО) 
L,J ¿ L,J nom 2,noti nom ¿ 
(As no confusion can arise ï is replaced by L.) 
In Eq. (3.10) the first derivatives a, b and e are defined as 
a = {ET T(B ) - ET T(B . )}/(B - В . ) L,J max L,J min max m m 
Ъ
 - Ч , ^ ^ -
 EL,J ( V2,
m
in ) } / ( V2,ma. " V2,min) < 3- 1 i : 
e
 = ^L.J^max) - EL,J ( Y
m
in ) } / ( Ymax " ^ i n 5 
In the above equations "B", "V2" and " " stand for "<B>", "<V2>" and 
"<γ>". The subscripts "max" and "min" point to values 10$ larger and 
smaller than the nominal ones which were calculated from Table 3.^. The 
values for the coefficients а, Ъ and e are found in Table 3.6. For the 
o-p dimer the V interaction is absent (see above), resulting in 
чч 1 
с = 0; furthermore, with respect to the level position for V = 0, the 
(L = 1, J = 0) and (L = 1, J = l) levels show no B-dependence (i.e. 
a = o) because there is no admixture with other states ( i x l submatrix). 
The same holds for (L = 1, J = 0) and (L = 1, J = 1(C) ) of the o-o 
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Table 3.7. 
ORTHO-ORTHO ( H 2 ) 2 
L J ( F . F ' ) ν (kHz) ν (kHz) f (kHz) g (kHz) 
exp nom 
0 1 
0 2 
1 KA) 
1 KB) 
1 1(C) 
1 2(A) 
1 2(B) 
1 3 
(0,1) 
(і.г1 
(0,1) 
(1,2) 
(1,2) 
(2,2) 
(2,3) 
(2,3) 
(3,U) 
(0,1) 
(1,2) 
(0,1 
(1,2) 
(1,1) 
(1,2) 
(1,2) 
(2,3 
(0,1 
(1,2 
(1,2 
(2,2 
(2,3 
(2,3 
(3,1* 
(і.г1 
(2,3 
(2,3 
(3.U 
271 0(20) 
IS1*. 69(20)* 
1*81 1*3(10) 
15!+. 69(20)* 
328.8(20) 
31*1 28(30) 
52.98(30) 
21*6.7(20) 
265 .0(20) 
271.836 
27.11*5 
156.209 
1*81.502 
15l*.293 
327.210 
13.539 
31*0.71*9 
52.365 
201.52 
2U3.92 
133.83 
20.73 
187.1*8 
1*.95 
182.52 
21.55 
21.27 
132.52 
51*. ЗІ+ 
186.86 
96.96 
89.90 
198.75 
5.29 
203.65 
1*1.02 
265.OI 
I.?!* 
0.1*1*6 
0.950 
3.13 
1.32 
1.82 
0.21*6 
2.07 
1.03 
-38.1* 
-2.9I* 
-31*.1 
-1.22 
0.0082 
-О.ОО82 
O.OI6 
0.01*08 
-0.021*5 
-0.359 
-0.0122 
0.31*7 
О.163 
0.179 
O.51I* 
І.ЗІ* 
3.27 
-0.11І+ 
О.53І* 
-0.0321+ 
-0.009 
-1.20 
-U.33 
-1.95 
-2.37 
-0.39'* 
-2.77 
-1.67 
-1*1*.6 
-10.3 
-1*7.0 
0.0395 
0.0022 
-0.0351 
О.ОЗ29 
О.162 
-0.0110 
-0.125 
0.0768 
-0.01*82 
0.0789 
-0.127 
-0.0132 
-2.85 
-6.35 
0.722 
-1.52 
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Table 3.7 (continued) 
ORTHO-PARA (H 2) 2 
(F,F') ν (kHz) ν (kHz) f (kHz) g (kHz) 
exp nom 
(0,1) iM.Ob(IO) 5hk.05 3.70 0 
(1,2) 5k.86(30)** 5k.00 1.23 0 
(0,1) 159.32 0.008? 0 
(1,2) 200.k2 0.0122 0 
(1.2) 315.48) 315.?6 0.750 0 
(2.3) UO.81 0.И? 0 
Table 3.7. Coefficients f and g (Eq. (2.13)), describing the sensitivity 
of the hyper fine transition frequencies ν on <7„/fl> and 
<y/B>3 respectively. The measured frequencies ν are also 
displayed. 
* - measured frequency consists of two unresolved transitions 
** - this line was obtained from a measurement using normal 
hydrogen; therefore, it consists of the o-p Nr. 1 *-*• 2 
and the o-o Nr. 1 •*-> 2 transition (see also section 4. 2) 
species with respect to the level position for V,T = 0 and V„„T = 0. 
y
 AI QQI 
T h e m e a s u r e d h y p c r f i n e l i n e s are sen­
sitive to <V /B> and <γ/Β>. This can he understood by thinking in terns 
of first order perturbation theory (although, actually, the spectra 
were calculated by diagonalizing the entire interaction matrix); dia-
gonalization of matrices containing all but the h.f.s. interactions 
yield eigenfunctions which are linear combinations of the basis 
functions. The coefficients are functions of <V /B> and <γ/3>. In first 
order perturbation theory, the hypcrfine interactions are the expecta­
tion values of Η and H on the basis defined in Eq. (3.9) and thus 
IJ J 1 
the hyperfine levels are sensitive to <V„/B> and <γ/Β>. 
Again, a series expansion is made in order to determine the depen­
dence of the hyporfine frequencies to these parameters: 
\)(<ν2/Β>,<γ/Β>) =
 v ( < V 2 / B > n o m ' < Y / B > n o m ) + f A < V 2 / B > + eû<Y/B> (3.12) 
Here, \) is a hyperfine transitions frequency and the coefficients f and 
g are given by 
f = {v(<V„/B>) - (<V9/B>) . }/{(<V-/B>) - (<V-/B>) . } 2 max 2 m m ¿ max 2 m m 
(3.13) 
g = {ν(<γ/Β>) - (<γ/Β>) . }/{(<Ύ/Β>) - (<γ/Β>) . } 
max min max min 
The indices "max" and "min" point to values 10% larger and smaller than 
the nominal ones (Table 3.Ό. The coefficients f and g thus equal the 
frequency shifts due to a 10% increment of <V„/B> and <γ/Β>, respec­
tively. Results are displayed in Table 3.7. Comparison of f and g with 
the experimental errors shows clearly the degree of experimental accu­
racy. Most striking are the high f and g values for the (L = 1, 
J = 1(A)) and (L = 1, J = 1 ( B ) ) hyperfine transitions for the o-o 
dimer; responsible is the relatively small energy difference (about 
20 GHz) between these levels, which are coupled by the hyperfine inter­
actions. (En second order perturbation tneory this energy difference 
determines the denominator; for instance, the L = I to L = 3 energy gap 
denominator amounts about 200 GHz.) 
The quantum number J is only a good quantum number as long as the 
h.f.s. is neglected. The admixture of different J-levels by the hyper­
fine interactions is very snail; the L-admixture coefficients in Table 
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3.5 remain unchanged. The effect of J-admixture on the measured hyper-
fine transitions varies between 0 and 138 Hz with a mean value of 29 Hz. 
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CHAPTER k 
RESULTS 
1+.1. INTRODUCTION 
In the preceding chapter, the theoretical dimer spectrum in zero 
magnetic field has Ъееп discussed. Here, the experimental hyperfine 
transition frequencies are reported for zero magnetic field. 
By means of a least squares fit of the theoretical hfs spectrum to 
the measured frequencies, the parameters <Vp/B> and <γ/Β> are 
deternined. Here, <V /B> and <γ/Β> 0 stand for <V (R)> / < B ( R ) > and 
<Y(R)> 0/<B(R)> 0. 
The results are compared to values calculated using ten recent 
H?-H potentials. 
Finally, recommended values are given for the intermolecular sepa­
ration in the dimer, the rotational dimer constant and the expectation 
values for the quadrupole-quadrupole interaction and the anisotropic 
intermolecular potential. 
U.2. THE EXPERIMENTAL LINE POSITIONS 
In Tahle U.I the measured dimer transition frequencies in zero 
magnetic field are given together with their identification. 
We have investigated a frequency region from 10 to 850 kHz. 
In all measurements the magnetic field was smaller than 0.05 Gauss 
for the Ramsey and smaller than 0.1 Gauss for the Rahi set-up; the 
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Experimental 
frequency (kHz) 
Resonance 
technique 
Identification 
species; (Nr •<->•Nr, ) 
271.0(20) 
151*. 69(20) 
1(81.1*3(10) 
328.8(20) 
31(1.28(30) 
52.98(30) 
5li.86(30) 
51(1*.05(10) 
21*6.7(20) 
265.0(20) 
315.U(8) 
398.6(20) 
SNGL 
DBL 
DBL 
SNGL 
DBL 
DBL 
DBL 
DBL 
SNGL 
SNGL 
SNGL 
SNGL 
0-0 
0-0 
:o-o 
0 - 0 
0 -0 
0 - 0 
0 -0 
0 - 0 
o-p 
o-p 
0-0 
0-0 
o-p 
(10 
(5 
(h 
(3 
(3 
(2 
(1 
(1 
(1 
(2 
(13 
(15 
(6 
11) 
6) 
5) 
5) 
h) 
M 
2) 
2) 
2) 
3) 
11*) 
17) 
7) 
Table 4.1. Experimental dimer hyperfine tranait-ions in zero magnetia 
field, measured with either the single coil (SNGL) or double 
coil (DBL) technique. The hyperfine level identification is 
found in the Tables 3.2 and 3.3 (see also Table 3.7). 
field strength determination has been discussed in section 2.3. 
Typical machine operating conditions are found in the Tables 2.1 
and 2.3. The applied coil current was the optimum value for the hydrogen 
CF-line (F = 04-»-1,m=0-*-»-1). 
A number of lines could not yet be measured using the separated 
coil technique due to overlap with lines nearby. However, although the 
(0-0, Nr. 3 -<->• 1*) and (0-0, Nr. 2 ·*-* It) transition frequencies are 
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separated Ъу 12 kHz only, the latter could be measured using the Ramsey 
set-up because of the weeker intensity of the first one, yielding a 
slightly larger error, though. 
All entries of Table 'i.l are the result of 2 to 8 independent mea­
surements; for measuring method and typical averaging times, see section 
2.1». The line centre frequency was determined Ъу averaging over a number 
of points left and right of the line maximum. The spread in these points 
determining the inaccuracy in each line centre determination, roughly 
equals (FWHM/SNR). 
The line centre position of the (o-p, Nr. 2 •*-*• 3) transition and 
the hydrogen CF line are separated by 2.39('+) kHz independent of the 
magnetic field strength (measured up to 90 Gauss). Therefore, in order 
to get the zero field frequency for this transition, we subtracted this 
difference from the known zero field value of the hydrogen CF line 
(5^6.1*37 kHz). In order to account for small systematic line centre 
deviations (see section 2.5), the final error is enlarged somewhat 
(2.39(10) kHz). 
The measurement of the (o-o, Nr. 1 *-*• 2) line was performed using 
nearly pure ortho hydrogen. Its final experimental error was estimated 
considering that (l) the supply gas still contained 5% para-Η, (section 
2.2) and (2) the L = 1 (o-o, Kr. 26 -*-* 27) line lies nearby (Table 3.7), 
possibly causing a line centre shift, although the line appeared to be 
neither distorted nor broadened. 
One weak line (398.6 kHz) could not be identified as a dimer line; 
a measurement on m/e = 5 did not yield any indication that this line 
belongs to Ïhe neutral trimer. 
A measurement near 5^*5 kHz on m/e = 5 did not yieüd any line 
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either, although, theoretically, an ortho-para-para trimer hyperfine 
transition is expected there. 
Apart from the transitions in ТаЪІе U.l, we have observed three 
low frequency lines (at 26, 33 and ho kHz); these were not detected at 
the usual transition coil current values, but with increasing; current they 
started to show up reaching half the intensity of the strongest dimer 
lines at current values twice the usual ones. Possibly, these structures 
originate from nearly 0 kHz transition frequencies showing a large 
Bloch-Siegert effect (ref. 1) (e.g. at b - 2.10 rad/sec, a Bloch-
Siegert shift of 30 kHz occurs for a transition frequency of 0.3 kHz). 
In Table 3.7, both the observed lines and theoretical transition 
frequencies are displayed; comparison shows, that we observed all L = 0 
hyperfine transitions (except the two which are too low in frequency) 
and 3 L = 1 transitions. 
Between 170 and 210 kHz we did observe a number of features but 
could not separate any of the 7 L = 1 lines. The o-p Nr. 9 ++ 10 line 
is probably obscured by the strong line at 15^.69 kHz. We did not 
observe any structure near 90 and 135 kHz. 
In the ortho hydrogen low magnetic field spectrum, three groups of 
lines are present; one group originates from 5I+6.U37 kHz, one from 
5't.795 kHz and the last one from zero frequency (ref. 1). In the dimer 
low field spectrum (B < 20 Gauss) the same groups are recognized; the 
one corresponding to the monomer 5^ 6.1+37 kHz line originates from 
ЗкН.ОЧ) kHz (Table 't.l); as to the others, the dimer line positions are 
equal to those of the monomer within the experimental inaccuracy of 
1 kHz. All these lines are L = 0 o-p dimer transitions; the strong 
spectral resemblance is easily understood when one realizes that in the 
7^ 
o-p dimer, without L-admixture, the para-molecule does not interact 
with the ortho constituent. 
lt.3. DETERMINATION OF ^ 2/В> AND <Ύ/Β> 0. 
In principle, the dimer hyperfine level positions depend on c, d, 
<d->L, <B>L, <V 2> L, < γ ν <A 2 2 0> L and <A 2 2 2> L. 
In chapter 3 we have argued that for the hyperfine constants с and 
d the hydrogen monomer values may be taken; further the parameters 
<B> , <A . > and <A > were shown to have negligible effect on the 
transition frequencies. 
The o-p Nr. 2 •*-*• 3 transition is the only measured line that solely 
depends on the value for <Vp/B>
n
. Using this line this parameter was 
determined to be <Vp/B> = -1.332(27). (The here employed error defini­
tion is the following; if a parameter is fixed on its value plus or 
minus its error, a new fit with the remaining parameters would enlarge 
the χ value by unity.) By variation of the spin-rotation constant с 
within its error range (Table 3.1) the <V2/B> value changes by about 1%. 
Thus having fixed the <V /B> value, < Y / B > 0 was fit to the 5 re­
solved L = 0 o-o dimer frequencies with <d'>
n
 = 1.265 kHz (calculated 
from the potential of Meyer, Table U.2).'The result was < Ύ / Β > 0 = 
1.708(22) with χ 2 = 9. 
A fit of both <Vp/B>
n
 and <γ/Β> to all 6 resolved lines (including 
thus the o-p Nr. 2 •*-*• 3 line) yielded the same values indicating that 
indeed the parameter <Vp/B>
n
 is determined by the o-p dimer line, 
completely. 
A fit of < Ύ / Β > 0 and
 <d'> 0 resulted in
 <
γ/Β> 0 = 1.678(26),
 <
α
,
> = 
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Quantity Unit 
<R>„ A 
о 
- 2 - 1 -? 
<R > 10 ^ c 
<R"3>„ 10" V 3 
о 
<R"5>„ 10"3A"5 
О 
<B> 0 GHz 
< V 2 > 0 GHZ 
< T 5 > 0 GHz 
<d'> kHz 
о 
<
 2/в>0 -
<T5/B>o -
E(L=0) GHz 
E(L=1) GHz 
Δ E GHz 
Present Experiment 
McKellar-Welsh: 
Gallup Meyer 
5.174 5.185 
0.4535 0.4547 
0.1045 0.1053 
0.6270 0.6437 
22.74 22.80 
+19.67 -22.00 
40.82 41.91 
1.255 1.265 
+0.865 -0.965 
1.80 1.84 
-72.52 -72.04 
-29.07 -28.58 
43.45 43.46 
; <V2/B>0 = -1.33(5) 
<γ/Β>0 = 1.71(5) 
ΔΕ = 48.3(12) 
Farrar Bauer 
Lee 
5.338 5.012 
0.4354 0.4802 
0.09909 0.1137 
0.5865 0.7213 
21.83 24.08 
-22.67 -22.75 
38.18 46.96 
1.190 1.366 
-1.04 -0.945 
1.75 1.95 
-59.90 -84.62 
-18.73 -38.39 
41.18 46.23 
GHz 
1) i ) 
Silvera Ahlrichs Etters 
4.969 4.892 5.080 
0.4905 0.5012 0.4772 
0.1177 0.1210 0.1136 
0.7709 0.7984 0.7375 
24.60 25.13 +23.93 
-18.57 -20.18 +29.72 
50.18 51.98 48.01 
1.414 1.453 1.365 
-0.755 -0.803 +1.24 
2.04 2.07 2.01 
-86.44 -94.60 -73.16 
-39.27 -46.19 -27.73 
47.16 48.40 45.43 
Mon- Dondi Butz 
chick 
5.013 4.917 5.290 
0.4866 0.4960 0.4535 
0.1166 0.1191 0.1063 
0.7616 0.7755 0.6766 
24.41 24.87 22.74 
-6.543 -32.95 -24.65 
49.58 50.49 44.05 
1.401 1.431 1.277 
-0.268 -1.33(30) -1.08(30) 
2.03 2.03(20) 1.94(12) 
-77.65 -94.93 -55.69 
-31.15 -47.02 -13.45 
46.50 47.91 42.24 
Table 4.2. For a number of poLentials, oalaulated expectation values 
for L - 0 and bound rotational level positions are displayed; 
Gallup, ref. 2; Meyer, ref. 3; Farrar Lee, ref. 7; Bauer, 
ref. 8; Silvera, ref. 9; Ahlriahs, ref. 10, 11; Etters, 
ref. 12; Monohiak, ref. 13; Dondi, ref. 15; Butz, ref. 14. 
<V2/B>0 and <γ/5>0 stand for <^2>0/<В>0 and <γ^/<Β>0 
1) and 2), isotropic potential with anisotropic part from 1) 
Meyer, ref. 3 and 2) Zandee, ref. 6. 
2 
-1.5(12) and χ = U. Since this < d , >
n
 value is unrealistic,we fix its 
value at 1.265 kHz. 
With <V„/B> and < d , >
n
 fixed thus, the с constant was varied within 
its error range, resulting in a 0.6% shift of the <γ/Β>
η
 value, 
2 
whereas the χ value changed only Ъу 0.5. In order to raise the con­
fidence level of the fit results to 60% we enlarge the error ranges and 
finally conclude <V2/B> = -1.33(5) and <γ/Β>0 = 1.71(5). 
The measured hyperfine spectrum shows 3 lines identified as L = 1 
dimer transitions (Table h.1). An attempt to fit <Vp/B> and <γ/Β>1 
within sensible error bounds was unsuccessful due to the large experi­
mental error. To fit the parameter <V„/B>1, the o-p Nr. 6 •«-»• 7 line 
must be measured with high accuracy. 
The position of the o-o lines Nr. 13 -*-»• I1* and Nr. 28 +-+ 30 are 
noL strongly affected by L-admixture (see Table 3.7, J = 1(A) and 1(B)). 
Detecting these lines would thus add very valuable information to our 
present state knowledge. 
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h.h. TEST TO H 2-H 2 POTENTIALS 
U . h.1. GENERAL REMARKS 
With the results of the preceding section we have tested several 
H -H„ potentials. Expectation values <R > and derived quantities 
which were calculated with these potentials are given in Table h.2. 
Two ab initio potentials are entered in the table; the potential 
of Gallup (ref. 2) consists of a spline function, and (for the long 
range) of a single dispersion term proportional to R . The ab initio 
potential of Meyer (ref. 3) is condensed into a numerical table up to 
5.8 Л, and further described as a multipole expansion (C,. up to C..), 
yielding the long range part. The values for the (non-zero) expansion 
coefficients of the isotropic part are (in a.u.) СУ- = 12.137. Cn = 
221.35 and С,- = 503β.7. In addition to the isotropic part, the poten­
tial contains (l) the anisotropic ¥„ „, corresponding to the V term 
of the present study; (2) the V„p. term which (mainly) describes the 
quadrupole-quadrupole interaction; and (3) the terms V
 9 n and V p 
which stem from valence and van der Waals interactions. Instead of the 
original table of ref. 3, a new one, resulting from a more recent cal­
culation (May 1919, ref. 3) is used here. This new calculation has 
yielded more realistic V ^ ^ and V „„ terms and a more realistic C_ con­
stant for the V ι term; (within 1% the present C,- equals the value cal­
culated from the quadrupole moment determination of Poll _et^  al. (réf. 1*) 
2 2 (С = /TO e Q /15) in a.u.), whereas in the original paper С- was too 
large by a factor of 2). 
Recently, the anisotropic part of the Meyer potential (May 1979) 
was LesLcd by M. Jacobs, who calculated the anisotropy in the total 
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collision cross section for the Hp-H„ system (réf. 5); the calculated 
anisotropy fits very well the epxerimental points of Zandee et al. 
(réf. 6), as shown in Fig. 1*.1. 
АНЮ
3 
1000 1500 2000 2500 
Vrel [m/s] 
Fig. 4.1. Anisotropy in the H„-ff„ total 
collision cross section as a 
function of relative velocity. 
Reproduction of ref. 6, Fig. 153 
extended with the anisotropy 
behaviour calculated using the 
Meyer potential. 
In ТаЪІс h.2, the columns 3, ^ , 5 and 6 contain the isotropic po­
tentials of Farrar and Lee (ref. 7), Bauer _et al. (ref. 8), Silvera et 
al. (réf. 9) and Ahlrichs et al. (réf. 10). 
The potential of Farrar and Lee is of a Morse-spline-van der Waals 
type, fit to differential elastic cross section measurements 
(p-H„ - p-H„); however, the more recent and accurate results of diffe-
rentia] cross section experiments reported by Rulis et al. (ref. 11), 
are poorly described Ъу this potential. 
The isotropic potential of Bauer et_ al. , Silvera ert al. and 
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Ahlrichs et al. have in common an exponential repulsive part and a mul-
tipele dispersion expansion. The Bauer potential was obtained from in-
tegral cross section measurements (p-Hp - p-H ); the three parameters 
in the repulsive part were fit, whereas the C¿- and CQ coefficient were 
taken from older results of Meyer (1976), C,- = 12.0 a.u. and Cn = 
21*0 a.u. ; the measurements of Rulis _et al. were also poorly described 
by this potential. 
The semi-empirical pair potential of Silvera et al. obtained from 
s o l i d s t a t e data, describes the s c a t t e r i n g 
data of Rulis _et al. very well. The three parameters in the repulsive 
part were fit, whereas the isotropic (V, CQ and С
 n
 coefficients were 
taken from Meyer (1976); C^ = 12. lU, CQ = 215.2, C 1 0 = 1*813.9, all in 
a.u. Following the proposal of Ahlrichs et al. (réf. 10), they have 
multiplied the attractive part by a cut-off function to join short and 
long range asymptotic behaviour. 
The attractive part of the semi-empirical potential suggested by 
Ahlrichs et al. has the same functional form as that of Silvera ^ t al.; 
its repulsive Hartree-Fock part (V,.) contains two parameters (V = 
η π 
A exp(-aR). The cut-off function which was introduced by them, was 
tested by noble gas and hydrogen data; the results of Rulis et al. are 
very well described by this potential, too. The numbers in Lhis sixth 
column were calculated with (ref. 10, 11) а = 1.7б7, A = 12.6, Cg = 
12.01, Cg = 213 and С
 0 = hlOO, all in a.u., Meyer (1976). 
Employing these four isotropic potentials, the expectation value 
of the anisotropic potential <Vp> was calculated using the recent V„
n
p 
table of Meyer (May 1979, ref. 3) to show the sensitivity of <V 2/B> 0to 
the isotropic potential. 
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The next two potentials entered in Table h.? are those of Etters 
(réf. 12) and Monchick (ref. 13); both are semi-empirical potentials 
containing an isotropic and an anisotropic part; the former describes 
very well the H„-H„ total collision cross section, the second virial 
coefficient and the solid hydrogen p-V diagram; a reasonable fit to the 
data of Rul is et al. is obtained. The somewhat older potential of 
Monchick is tested by hydrogen bulk properties. Neither of the two po-
tentials could describe the anisotropy in the total collision cross 
section of H„-H-, as shown in Fig. Ц.1. 
Finally, two obsolete Lennard Jones (12,6) potentials are entered 
in Table h.2; they were obtained from total (Butz, ref. lit) and diffe­
rential (Dondi et al., ref. 15) cross section measurements; the aniso­
tropic part was taken from Zandee et al. (ref. 6). 
All anisotropic potentials being discussed here, are drawn in 
Figs, h.2 and ^.3; among them, noticeable differences are apparent. The 
"shaded walls" define the range to which the L = 0 eigenfunction ex­
tends, i.e. the probing region of the present experiment 
(3.1 < R < 5.5 S). 
h.k.2. THE EXPECTATIOH VALUES < К " П > 0 M P RELATED QUANTITIES 
In Table h.2 for each potential expectation values of <R > and 
<V > are calculated using numerical L = 0 eigenfunctions of the vi­
brational Hamiltonian (Eq. (3.8)). The values for the intermolecular 
separation <R>
n
 deviate less than 5% from their mean value of 5.1 A. 
81 
V2(cm-,) 
Fig. 4. Я and 4.3. R-dependent parts of six anisotropia Hp-H9 potentials 
as a function of intermoleaular separation. The 
shaded walls define the probing region of the present 
experiment. 
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-2 -Ч -5 
The values for <B> ъ <R > , <&'>„ ^ <R >» ала <Y L-
>
n
 ^
 <R >„ 
vere obtained using the definitions of Table 3.1 in combination with 
the <R > values, for η = 2, 3, and 5, respectively. Notice that for 
the quadrupole-quadrupole interaction the symbol γ_ is used here 
2 2 5 (YLTCR) =e Q /(Uïïe.hR ), indicating that its average value was calculated 
from the (only asymptotically valid) R proportionality. 
1+.Ц.З. THE ROTATIONAL ENERGY LEVELS 
In each column of Table h.2 the three bottom entries are the L = 0 
and L = 1 rotational energy levels and their separation. The energy 
levels belong to the lowest eigenvalues of the vibrational Hamiltonian 
(Eq. (З. )). Although the values for E (L = 0) scatter considerably 
(-77 + 20) GHz, the level separation spread is less than 7.5 GHz. 
The values for ΔΕ are to be compared with the experimental one 
determined from the pressure induced infrared absorption measurements 
of McKellar and Welsh (ref. 16). 
h.h.h. THE EXPECTATION VALUE <V2/B>0 
Since the present experiment yields values for < „/В>- and <v/B>
n 
these quantities are calculated for each potential as well. 
A large discrepancy is present among the calculated values for 
<Vp/B> as they range from +1.2U (Etters) to -1.33 (Dondi), (see also 
Figs, k.2 and U.3). 
The Meyer potential yields a value 27$ too low with respect to the 
present result; however, it is far superior to that of Gallup, the 
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other аЪ initio potential. 
Among the <V„/B>
n
 values of the columns 5 and 6, about ζ>% spread 
is found indicating the sensitivity of <Vp/B> to the small differences 
between the two experimentally best supported isotropic potentials. 
This uncertainty is much smaller than the difference between -0.755 of 
column 5 and -0.803 of column б on the one hand, and our experimental 
value V0/B - = -1.33(5) on the other hand; to our opinion this implies 
that the V^ function of Meyer rises slightly too fast (transition to the 
repulsive branch), as does his V -function. 
Although the potential of Etters et al. describes a variety of 
hydrogen properties, its value for <V /B> disagrees considerably with 
the present result. Parliculary, V^ changes from positive to negative 
values at too large a distance and the anisotropic well is too shallow 
by a factor of about 20 (see Figs. it.2 and lt.3). 
The Monchick potential as well, is too shallow, by a factor of 3. 
Agreement with the present result for <V /B> is found for the Lennard-
Jones potentials of Dondi et al. and Butz. 
\.\.b. EXPFCTATTON VALUES CONTAINING THE V 
As to the <γ /B> entries in Table ^.2, all values, except the 
Farrar-Lee one, deviate less than 8% from the mean value (1.95); this 
mean value, however, is 11% too large with respect to the present re­
sult (<γ/^>0 = 1.71(5)). From Tables \.2 (<γ /B> ) and ¡t.U (<γ/Β> ) 
follows thai in addition to the Ъ% spread another 8% difference nay 
arise from the assumed R -dependence of the quadrupole-quadrupole 
interaction which is only asymntotically valid. 
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Symbol Unit Meyer Hardy 
^WV 
A 2 2 2(R c) 
T(R C) 
^20*0 
^22 ? ^ 
< Ύ >0 
<γ/Β>0 
^220^ 
^222*1 
<γ>1 
<Ύ/Β> 1 
GHz 
GHz 
GHz 
GHz 
GHz 
GHz 
-
GHz 
GHz 
GHz 
-
-6.66 2 ) 
-21.33 2 ) 
76.17 2 ) 
-2.111 
-13.25 
38.1*1 
1.69 
-1.829 
-10.59 
31. Э1* 
1.56 
-5.25 3 ) 
+
7.11 3 ) 
71.95 3 ) 
-
-
35.93 k ) 
1.58 5 ) 
-
-
-
-
Present experiment: <γ/Β> = 1.71(5) 
Table 4.4. Values for various interaction strengths at the solid hydro­
gen intermoleaular spaaing R , together with averages over 
the L - 0 and L = 1 vibrational dimer eigenfunotions (R = 
3.784 A, ref. 17). 
2) 
The present defintion of Α., deviates from the one used 
Ъу Meyer (see appendix C); 
2) 
obtained from the nimerioal potential (ref. 3); 
3) 
obtained from с
 3 ε,, and Γ „ values of Hardy et_ al, (ref. 17); 
4) 
obtained by scaling down the y(R ) value; 
5) a 
calculated using <B>. of Meyer (Table 4.2). 
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1) 
Unit Gallup Meyer Parrar 
Lee 
Quantity 
<R>, 
<R"2>1 
<R"3>j 
<R"5>1 
<в> 1 
<Vl 
< γ 5 > 1 
<d'>, 
<
 2 / в > 1 
< Y 5 / B > 1 
A 
IO" h'2 
IO-V 3 
io"V5 
GHz 
GHz 
GHz 
kHz 
5.640 
0.4090 
0.09137 
0.5270 
20.51 
+14.74 
34.31 
1.098 
+0.719 
1.67 
5.670 
0.4078 
0.09138 
0.5350 
20.45 
-19.07 
34.83 
1.098 
-0.933 
1.70 
6.016 
0.3793 
0.08300 
0.4678 
19.02 
-18.59 
30.45 
0.9976 
-0.978 
1.60 
1) 
Bauer 
5.390 
0.4385 
0.1009 
0.6166 
21.99 
-20.41 
40.14 
1.212 
-0.928 
1.83 
1) 
Silvera 
5.349 
0.4468 
0.1041 
0.6550 
22.41 
-17.23 
42.64 
1.250 
-0.769 
1.90 
1) 
Ahlrichs 
5.218 
0.4615 
0.1086 
0.6907 
23.14 
-18.83 
44.96 
1.305 
-0.814 
1.94 
Etters 
5.599 
0.4240 
0.09738 
0.6035 
21.26 
22.79 
39.29 
1.170 
+1.07 
1.85 
Mon-
chick 
5.481 
0.4364 
0.1011 
0.6328 
21.88 
-6.235 
41.20 
1.214 
-0.285 
1.88 
2) 
Dondi 
5.243 
0.4568 
0.1069 
0.6714 
22.91 
-29.88 
43.71 
1.284 
-1.31(30) 
1.91 
Z) 
Butz 
6.205 
0.3789 
0.08450 
0.5063 
19.00 
-19.41 
32.96 
1.015 
-1.02(30) 
1.74 
However, a better description of the quadrupole-quadrupole inter­
action is available; the V , term of Meyer, averaged over the L = 0 
eigenfunction is multiplied with the appropriate proportionality con­
stant (appendix C) to yield the < Υ >
η
 entry of Table h.h. The resulting 
values for <γ/Β>
η
 agree quite well with the result of the present ex­
periment. 
U.I*.6. THE L = 1 RESULTS 
In a similar way as for L = 0, averages for L = 1 are summarized 
in Table U.3. Due to the centrifugal barrier, the ground vibrational 
L = 1 eigenfunction is shifted to larger distances. Therefore, the 
equilibrium separation <R>1, is 10% larger than
 < R >
n
 and all averages 
<R > , and <Vp>1 are smaller than their L = 0 counterparts. By in­
creasing the experimental accuracy for the L = 1 lines, especially by 
applying the double-coil technique, it shall be possible to determine 
the L = 1 parameters in the future. 
U.5. FINAL CONCLUSIONS AND RECOMMENDATIONS 
Of all potentials discussed above, those of Gallup, Meyer, Etters 
and Monchick have an anisotropic part. The result for <V-/B> 
(= <V > /<B> ) of Meyer (ref. 3) agrees best with the present result. 
Excellent agreement is obtained with the <γ/Β>
η
 (= <γ> /<B> ) value 
Table 4.3. Expectation values as in Table 4.2 calculated, however, with 
L = 1 eigenfunctions. 
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using the Vppk term of Meyer (ref. 3). The best semi-empirical poten­
tials availahle are those of Silvera et^  al. (ref. 9) and Ahlrichs et al. 
(ref. 10, 11). 
Therefore, for the L = 0 expectation values of the intermolecular 
separation in the dimer < R >
n
 and the dimer rotational constant <B> 
we recommend the values displayed in Table ^.5, being the arithmetic 
average of the values obtained using the potentials of Meyer, Ahlrichs 
et al. and Silvera et al. The error bounds are estimated from the 
spread between the values calculated with these potentials. 
Symbol 
< R > L 
< B > L 
< Y > L 
«VL 
U n i t 
Я 
GHz 
GHz 
GHz 
L = 0 
5 . 0 2 ( 1 7 ) 
21*.2(110 
1*1.3(27) 
- 3 2 . 2 ( 2 3 ) 
L = 1 
5.1*1(25) 
2 2 . 0 ( 1 5 ) 
3 5 ( 3 ) 
- 2 9 ( 3 ) 
Table 4.5. Recommended values for the intermoleaular separation and 
interaction strengths in the hydrogen dimer, averaged over 
the L - 0 and L = 1 vibrational eigen functions. The probing 
о 
region of the present experiment is3.1<R<5.5A for the 
L = 03 and 3.1 < R < 6.5 A for the L = 1 rotational state. 
The recommended value for the expectation value of the anisotropic 
potential <V„>
n
 follows from multiplication of the recommended <B> 
value with the present result for <V /B>
n
. 
Similary, for the dimer the recommended quadrupole-quadrupole in­
teraction strength averaged over the L = 0 eigenfunction is the product 
of the <γ/Β> value, obtained from the present experiment and the re­
commended <B>
n
 value. 
For L = 1, we also recommend Lhe <R>-, and <B> 1 values obtained Ъу 
averaging the expectation values of Meyer, Silvera e_t al. and Ahlrichs 
et al. (Table h.3). 
No experimental data are available for the quantities <Vp/B>1 and 
<γ/Β> ; however, if the <V /B> value resulting from the present expe­
riment is multiplied with the theoretical ratio [<Vp/B>1] / [<V /B> ] = 
0.999 (being the average of the values obtained from the Meyer, 
Ahlrichs et al. and Silvera с^ al. potentials), and with the recommended 
value for <B> , the value for <V„>1 is obtained. 
Similarly, the ratio [<γ/Β> ]/[<γ/Β> ] = 0.92h of the Meyer poten­
tial is combined with the <γ/Β> value of the present experiment and 
the recommended <B> 1 value to yield the value for
 < Y > 1 , see Table **.5. 
i*.6. COMPARISON WITH THE SOLID STATE PAIR SPECTRUM 
In the solid hydrogen lattice, in principle the same interactions 
are present as in the hydrogen dimer. However, due to the presence of 
surrounding molecules, the spectrum for an ortho-ortho hydrogen pair 
embedded in a para H„ crystal lattice is quite different from that for 
the loosely bound rotating ortho-ortho dimer, where the J-levels are 
mingled up in an intuitively incomprehensible way. Moreover, in the 
dimer the gap between highest and lowest J-level equal s only about h 
GHz (Table 3.3, o-o dimer, L = 0), whereas in the lattice the corre­
sponding level separation amounts to 200 GHz (rcf. IT). 
For the lattice, the J-splitting (mainly due to the V ) is that 
441 
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large because of the fixed molecular axis; in the dimer, with its extra 
degree of freedom (e.o.e.) rotation and its larger equilibrium separa­
tion (5 A instead of 3.8 A) , the
 л
 causes effects 50 times smaller, 
only. 
In the lattice, the effects of the anisotropic interaction (V ) 
vanish when summed over a rigid shell of nearest neighbours (ref. IT), 
whereas in the dimer this interaction is as effectively as the V in-
teraction. 
The quadrupole-quadrupole interaction is diminished in the lattice 
with respect to its rigid crystal value due to both overlap effects and 
large zero point motions of the molecules ; in order to prevent penetra­
tion of the hard-cores of nearest neighbours, short range correlations 
occur, which favor larger intermolecular separations compared to a 
rigid lattice. A lk% reduction of the quadrupole-quadrupole interaction 
constant has been observed by Hardy et^  al. (ref. IT). 
In Table lt.1», the V interaction (γ) and the smaller V 0 0 -inter-
Ц41 ¿¿λ 
actions (Appn and Appp) are displayed for the free dimer (taken from 
Meyer, ref. 3) and for the lattice (taken from Hardy et al., ref. IT)· 
The three top entries in the columns are the values for A , Ap«« and 
γ at R = R , the intermolecular equilibrium separation in the solid 
(R = З.Тв^ A, ref. IT). The numbers in the third column stem from the 
с 
numerical potential of Meyer. Notice, that the present definition of 
A - (Eq. (3.Ό) deviates from that used by Meyer (see Appendix C). 
The numbers in the fourth column of Table h.h are derived from the 
results of Hardy et al. (ref. IT). From microwave absorption experiments 
in solid hydrogen they determined the "effective quadrupole-quadrupole 
constant Г " and the "non-quadrupolar constants e
n
 and ε„", valid in 
90-
the crystal lattice. The reported values for ε
η
, ε 9 and Γ are multi­
plied by the appropriate conversion factors (see appendix C) to yield 
the values A--„ (R ), A__- (R ) and Y(R ) entered in the fourth 
¿¿Ό С ¿¿¿ С С 
column of ТаЪІе U.1+. In the same column, the value for < Ύ >
η
 was ob­
tained putting <γ> = Y ( R ) R <R~ > , where for <R~ > the value was 
taken for the Meyer potential (see Table It.2). 
Comparison of columns 3 and h shows that in the hydrogen crystal 
lattice the measured effective quadrupole-quadrupole interaction 
strength Y(R ) is about 6% weaker than that for an isolated pair, due 
to the effect of correlated zero point motions of the pair molecules. 
Hardy et al. have observed a 1W reduction of the quadrupole-qua­
drupole constant with respect to чЛъ ) About W may be attributed to 
? с 
overlap effects. Nearly the same reduction due to overlap effects (10?) 
follows from the γ
ς
(Η ) value of Meyer as compared to his Y(R ) value. 
The values for A-_.(R ) are comparable but the value for A_0-(R ) ¿.¿\j с ¿¿¿. с 
of Hardy et al. differs by a factor of (-3) from that of Meyer; Hardy 
et al. obtained their A - 0 and Appp values with very low confidence 
levels, since their experiment is rather insensitive to these quantities. 
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CHAPTER 5 
OUTLOOK 
1. Τη section 3.5> a, few hyperfine transitions (o-o, Nr. 13 •*-•• 1*+ and 
28 •<-»• 30) were shown to Ъе very sensitive to <V„/B> and <γ/Β>1, 
(see Table 3.7, L = 1, J = l(A) and J = 1 ( B ) ; however, they were not 
detected (see section k.2). In view of their importance, they should 
Ъе searched for by varying the source conditions; thus, one possibly 
succeeds to enhance the population of the L = 1 level. 
2. The double coil technique has proved to be very valuable because its 
application increases the precision of the line centre determinations, 
considerably (see Fig. 2.5.). However, due to the narrow velocity 
distribution of the nozzle beam, its resolving power is even worse 
than for the single coil set-up. We propose to enhance the spectral 
resolution by modulating the distance between the coils. This can be 
done either by mechanically and periodically changing the separation 
between the short coils, or by electrically switching between diffe­
rent ones positioned at different distances. 
3. In the present investigation, the zero magnetic field spectra have 
been measured. Some of the zero field frequencies could not be 
determined, though, because either the frequency was too low for the 
present experimental set-up, or the spectrum too crowded to resolve 
single lines, or the zero field selection rules forbade detection. 
For the strongest zero field lines, also high field measurements 
seen feasible. As a result one gets information on the gT-factor and 
secondly, the zero field frequencies which could not be determined in 
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the present investigation may be obtained by extrapolation of the 
data to the zero field limit. 
h. Preliminary measurements have been performed on the e.o.e. rotational 
distribution (ref. 1). The significance of these results would be in­
creased by inserting a velocity selector in the apparatus in order to 
determine simultaneously the parallel beam temperature T.. . Together 
with the information on the rotational temperature from the spec­
troscopic data, one would get insight in the dimer relaxation pro­
cesses. 
5. Measuring the J-splitting in the o-o dimer would yield direct infor­
mation on the angle dependent interactions, in particular the "non-
quadrupolar" V9_- and Vp„p terms. However, the transition frequencies 
(for instance 3.5 GHz; L = 0, J = 0 •<-»• 1 ) lie in a nearly unaccess-
ible region; either high power, narrow banded, or broad banded low 
power klystrons are available. In the present experiment, the energy 
б 2 
flux in the transition coil amounts to some 10 W/m . Applying a 
cavity instead of a travelling wave set-up, one can gain a factor of 
2 
10; for a 10 cm cavity cross section one would need a tunable 100 W 
power device, which is hardly feasible at the present state of 
technology. 
6. The L-level separation (W.3 GHz, ref. 2) is of astrophysical inte­
rest since it provides astrophysicists with a tool to investigate 
the abundance of (Hp)„ dimers (and thus of neutral hydrogen gas) in 
outer space. The quadrupole induced dipole moment is estimated to be 
1 mD. However, since the 0 •«-»· 1 electrical dipole transition is for­
bidden, it is only on account of the 5% L-admixture (corresponding 
to a squared amplitude of 2.5%; see Table 3.5), that this transition 
9b 
is measurable, in principle (ref. 3). As for the J-splitting (see 
sub 5), power is also a problem due to the small dipole moment and 
the L-admixture coefficient. 
7. A logical continuation of the present investigation is to measure 
hydrogen trimer spectra. Similarly as for the o-p dimer, o-p-p 
trimer hfs lines are expected near the ortho hydrogen transition 
frequencies. The o-o-p trimer lines should show up near the measured 
o-o dimer transitions. 
Hydrogen trimers are detected on m/e = 5. At this mass, at 
higher pressures, the same signal strength as for m/e = 3 has Ъееп 
found (ref. h). Perhaps, a sizeahle fraction of this signal is due 
to fragmented heavier clusters. The trimers are heavier than the 
dimers and since they have practically the same velocity (ref. k), 
their deflection in the A- and B-magnets is less. Moreover, since 
four trimer modifications are present, the single state population 
is also worse than for the dimer. 
In spite of all these difficulties, a search for the trimer 
spectrum is worthwhile in our opinion, because the effect of three 
"body forces, amongst other things, can be studied, and, in general, 
the observation of building up of matter 'from single particles to 
small droplets is a worthy enterprise. 
Θ. The zero magnetic field spectrum of the HD dimers cannot be measured 
employing the present technique because in the molecular beam only 
the lowest accessible rotational state is populated, which has no 
zero field hfs spectrum in this case. 
For Dp (J = 1, I = 1), the molecular g-factor is smaller than 
that for H by a factor of about б (ref. 5). Therefore, the 
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deflection of the dimers forms a problem, which may be overcome by 
considerably reducing the slit widths. Further, due to the smaller 
hyperfine constants (ref. 5), the largest zero field splitting for 
T)Q (J = 1), is only about 200 kHz (compare 5^6 kHz for H„), pre­
sumably resulting in a very crowded (Τ>„)„ dimer spectrum. 
Although by measuring the (~D„) hfs dimer spectrum, no essen­
tially new information on the molecular interactions wil] come to 
our disposal, and although the above remarks on deflection and 
strength of hfs constants convey a strong warning to the optimistic 
experimentalist, nevertheless, the fact that (ΐ>„)„ possesses h bound 
e.o.e. rotational states, makes this dimer an interesting candidate 
for similar measurements as the ones discussed in the present work. 
Effects of L-admixture are more clear cut and may lead to a better 
understanding of the dimer dynamics. The L- and J-splitting will be 
rather different, too, perhaps bringing the experiments discussed 
above (sub i> and 6) within reach. Finally, the existence of k bound 
e.o.e. levels provides us with a tool to study the relaxation pro­
cesses in an expanding jet more extensively than would be possible 
with the only 2 e.o.e. levels of the (H„)„ dimer. 
9. Quite promising seems the investigation of the anisotropic intermo­
lecular potential of the 0„-Ar dimer, employing the technique of the 
present investigation. As compared to the hydrogen diluer, the binding 
force is much stronger (isotropic well is deeper by a factor of 10, 
ref. 6), and considerably more bound dimer states are present for 
0„-Ar complexes; at 100 K, some 10,000 levels are estimated to be 
populated (ref. 6). 
The oxygen irolecule has a Σ ground state; hence a bohr magne-
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ton is available to deflect the molecule in the A- and B-magnets 
which is 1+00 times the nuclear magnetic moment of H-. Since the 0?-Ar 
complex is heavier by a factor of 18 than the (II ) dimer, the higher 
magnetic moment is indeed needed for the deflection of the complex. 
Due to the electronic spin rotation interactions in the 0„ molecule 
(ref. 7) each oxygen rotational level is split in a triplet with 
level spacings of about 60 GHz (compare the size of the rotational 
moment; 1*3 GHz). 
For the Op-Ar complex, the effect of the V on the triplet 
splitting may be investigated in detail. The electronic spin-rotation 
interaction constant (60 GHz ^2.9 K) is considerably smaller than 
the V (<V2(R)> = U3 K, ref. 7); we therefore may expect large 
effects, i.e. large rotational admixture resulting in sizeable 
changes of the triplet splitting. 
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APPENDIX A TRAMSITIONS IN SINGLE AMD DOUBLE COIL CONFIGURATION. 
For a non-degenerate two level system, we summarize the formulae 
describing the population Ρ when a molecule, initially in state |p>, 
is submitted to a perturbation field. 
We give the Rabi formula (eq. A.l)) for the single co'il experiment 
(see section 2.3) and the formula, suited to an ideal separated coil 
experiment, as derived by Ramsey (Ch. 2, ref. 3) 
Eq.(A.3) is generalized to the case that the static magnetic 
fields inside the RF coils are different from each other and from that 
in the region in between (eq. A.1*)). 
The single coil set-up. 
Ρ = (X 2+1)" 1 зіп 2[Ьт(Х ?+іП (A.l) 
PI 
Here, X = (ω -ы)/2Ъ, ω and ω are the angular resonance and applied fre­
quency; τ is the time the molecule spends in the Rabi coil; b is the 
perturbation strength, 
Ъ
 = ISeff μΝ BRF Mpq / 2 h l ( Α · ? ) 
In eq.(A.2), g is an effective g-factor, В is the amplitude of the 
ell nr 
oscillating magnetic field and M is the (dimensionless) matrix ele­
ment connecting the two states. (For the hydrogen CF transition, 
g
e f f = gI - S j a n d M p q = 1/^3.) 
The factor i in eq.(A.2) stems from the description of the oscil-
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l a t i n g f i e l d Ъу the sum of two f i e l d s , r o t a t i n g in opposite d i r e c t i o n 
(each of ha l f the ampli tude); the inf luence of one r o t a t i n g component 
( i . e . the Bloch-Siegert-ef fect) i s neg lected. 
The i d e a l separated c o i l se t-up. 
Ρ = 1+(X2+1)"1 зіп 2[Ът(Х 2+і) 5]{соз(ЪТХ)соз[Ът(Х 2+і)^] -X(X2+1 ) " ä 
χ зіп(ЪТХ) з іп[Ът(Х 2 +і) 2 ] } 2 (А.З) 
Here, τ i s the t ime, spent i n s i d e one short c o i l and Τ the f l i g h t time 
between t h e c e n t e r s of the two short c o i l s . 
The separated c o i l se t-up with non-uniform s t a t i c f i e l d s . 
Ρ = Ι+Λ^χίΐ+ΐΓ 1 s in2[bT(X2+l) ¿] + Φ2 + Θ2 -pq 2 2 
p i ρ 1 
- 1*Λ(Χ>1)"5 s in[bT(X^+l) s ] {Φ cos(bTX ) - Θ зіп(ЪТХ )} (A.U) 
<L ¿ m m 
Here, 
Λ = соз(ЪТХ ) соз[Ът(Х 2+1) 5] - Х. , (Х 2 +іГ 5 sin(bTX ) sin[ Ът(Х2+1 )ä] 
m 1 1 1 m 1 
θ = (X 1 -X 2 ) [ (X 2 +l)(X 2 + i ) ] -5 s in[hT(X 2 +l) J ] зіп[Ът(Х 2+і)^] 
Φ = (X2+I)" ä з іп[Ът(Х 2 +і) 2 ] соз[Ът(Х 2+1) 5] -
- (X2+I)" ä з іп[Ът(Х 2 +1^] соз[Ът(Х 2+1) а] 
99 
For the first short coil, the second short coil and the region in 
between, the resonance frequencies are indicated Ъу co
m
, ω „ and ω 
X., X_ and X are defined as 1 ' 2 m 
X 1 = (ω 0 1 - ю)/2Ъ; X 2 = (ω 0 2 - ш)/2Ъ; X m = ( ω ^ - ш)/2Ъ. 
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APPENDIX В CALCULATION OF THE MATRIX ELEMENTS. 
B.1 INTRODUCTION 
We calculate all matrix elements which occur in section 3.3 
applying the known operator techniques (ref.1, 2). 
The elements M. and M^ of section 3.3, containing the isotropic 
potential and. rotational parts of the Hamiltonian are easily shown to 
Ъе diagonal in all quantum numbers. 
In section B.2 we discuss the matrix elements of the angular de­
pendent parts of the potential. The general form is (ref. 3,Ό 
\хЛ*ЛЯ = , ? Λ,Α,Χ (V2R> Σ Ò^K%<W 
1 2 λ λ.λ 1 2 ν ι ν ? ν 1 2 
' λ . λ0 λ 
χ[ Ί 2 Ì ( Β . 1 ) 
1
 ν 1 ν 2 ν ' 
For the anisotropic intermolecular potential (λ =0, λ =λ=2), eq.(B.l) 
reduces to eq.(3.2), (A2Q2 = /5 hV2(R)) 
The quadrupole-quadrupole interaction has λ =λ =2 and X=k (see eq. 
ІЗЛ), A , = /fû" hytR)); further, in the dimer Hamiltonian, terms pro-
2 2 0 2 ^ 2 
portional to С С С and С C^C are present (section 3.2). 
In section B.3, the hyperfine structure matrix elements are dis­
cussed, the elements M and M¿· of section 3.3, and the direct spin-spin 
matrix element describing the interaction between spina of different 
hydrogen molecules of the dimer (see section 3.2). 
The definition of the quantum numbers and the used basis set are 
found in table 3.1 and section 3.3. 
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The quantum numbers j and I., always equal unity, whereas j- and 
I are equal to unity in the ortho-ortho and zero in the ortho-para 
diraer. 
The symbol [ k] stands for (2k+l). 
B.2 TILE MATRIX ELEMENTS OF THE MGUL/Ш DEPENDENT PARTS OF THE 
POTENTIAL. 
In general, the matrix elenent looks like: 
M = < (j L) J I F Mp | X° | (j'L'JJ1 I'F'M^ > (B.2) 
Here X is the operator associated with an angular dependent 
Hamiltonian, operating on parts of the basis which contain the quantum 
numbers j, L and J. In eq.(B.2), the couplings (j-j^Jj and 
{{І^ І^2)І^[і2^І22)іг)І are suppressed. 
The Wigner-Eckart theorem and the decoupling of the J- and I-de-
pendent parts yield 
M = δ
ΓΡ'
 6 M M 1 6II' 6JJ· [J]"^ <(J L) J I X 0 ll(j' L') J > (B.3) vs-
B2.1 THE ANISOTROPIC INTERMOLECULAR POTENTIAL V.j 
Starting from eq.(B.l) (λ=2, λ (λ ) = 0(2) and 2(θ)), we average 
over the intermolecular separation and write the anisotropic interaction 
X 0 = A202 [ ^ ^ ^ c 2 ( ^ ) } o + {C2(f2)C
2(R)}°] (B.U) 
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Without loss of generality, we only calculate the contribution of the 
first term in eq.(B.lt). Substitution of eq.(B.U) into eq..(B.3) yields: 
M202 - A202 6FF'eiy^6II'6JJ' [ Jl ' x 
x
 <(j1j2)j L J II {C2(f^C2(h}0 Ui^2) j' L'J > (B.5) 
Decoupling of the L- and j-dependent parts yields 
M202 = A202 STT'6ILM,6I1'6JJ' l ^  * <( j 152) $ c2(f1)[ i (j 1 ^ 2) Ò ' " X 
^ 
χ < L I  ^ (R) Il L* > 
j j' 2 
L L' 2 
J J 0 
(B.6) 
The first matrix element in eq.(B.6) is further decoupled yielding 
,2 
( .„V'·*' „ W Г ;} < j, I  C^ I  j 1 > (B.7) 
The remaining matrix element in eq.(B.7) and the second matrix element 
in eq..(B.6) are calculated, applying 
< 1 I  CK I  1' > = ( 
-Г üiHi·]}2 ) 
\o о о / 
(B.8) 
Then, for the matrix element eq..(B.6) we find (with A = h V /5) 
J+Jp 1 
M 2 0 2 = δ Γ Ρ · δ Μ ^ δ Ι Ι · 6 ^ - h V 2 ("J ( ^ 0 / 5 ) { [ L ] [ L ' ] [ j ] [ j · ] } 5 x 
/ L ' 2 L \ i j ' j 2 ) i j ' 2 j ) 
\ 0 0 θ / (L L' J ) (1 j 2 I) (B.9) 
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For the o-o dimer, the contribution of the second term in eq.ÍB.l*) 
yields a factor 2, whereas for the o-p dimer, the contribution is zero 
(replace ^(=1) by J2(=0) in eq.(B.7). 
Combining these results, we find for the matrix element of the 
total anisotropic intermolecular potential in both the o-o and the o-p 
dimer, (matrix element M„ of section 3.3). 
J+jp ι 
M202 = 6 n " \ ^ 6 i r S J J ' h V2 (- ) (^Ö75)ÜL][L'][j][ j']}5 * 
Λ ' 2 LX ij· J
 2| Γ«· 2 Л + ft. 2 * 
\0 0 0/ (L L' j) [Jl j 2 l) 1J2 (l j 1 l) 
(B.10) 
B2.2 THE C 2C 2C X TERMS, IN PARTICULAR THE QUADRUPOLE-QUADRUPOLE 
IHTERACTION. 
Starting from eq..(B. 1) we write for the (2 2 λ) - interaction (averaged 
over the intermolecular separation) 
X ° = A (-)λ {{C 2(P ) C 2(f 2)}
X
 CX(R)l0 (B.11) 
* 'o 
E q . ( B . l l ) i s s u b s t i t u t e d i n t o the general form for the reduced matr ix 
clement, e q . ( B . 3 ) , y i e l d i n g 
Μ22λ = Α22λ &FF<6V^lV6JJ<lJrÍ ^ X 
x <ίΟ
λ
ί
ζ
)3 L J II | { C 2 ( f 1 ) C 2 ( r 2 ) } X CA(R) } i K ^ j g J j ' L' J > 
After decoupling of the J- and L-dependent parts, we get 
10U 
Μ22λ = Α22λ δ Ρ Ρ ' δ Μ Μ · δ Ι Ι · 6 ^ · [ , Ι ΐ 2 ( - ΐ ) λ <(J1J2)ûll{C2(r1)C2(f2)}A|l(J1J2)j'> 
w 
χ < L II С л II L' > 
à j' λ 
L L' λ 
J J 0 
(B.12) 
In eq.(B.12), the second matrix element is calculated using eq.(B.8) ; 
the 9-J symhol can be expressed in terms of a 6-j symbol. 
The first matrix element in eq.(B.12) is decoupled yielding 
I I 1 2 ι 1 1 2 (B.13) j j' λ' 
From eq..(B.8) it is seen that < j p II С II j_ > equals zero if jp=0, 
i.e. for the o-p dimer. We therefore pursue the calculation with ,j..=jp=1 
(o-o dimer) and find for the matrix element 
Μ
22λ
= Α22λ ^.^fi^.íjj.te/JÍÍ-l^'^aLltL'lIJlto·]} 5 χ 
/L λ L'\ ij j' λί 
\0 0 0 / (L' L j) 
1 1 2 
1 1 2 
j j' λ 
(В.Il*) 
For λ=0, the 9-j symbol in eq. (В. lit) is proportional to a 6-j 
symbol and the triangular relations require L=L' and j=j'. For the 
matrix element (eq.(B.lU)) follows, 
M
220 -
 A220 SF?'\^hv&JJ'SbL<Siy^/23){-)J (B.15) 
For λ=)(, the quadrupole-quadrupole interaction matrix element is 
{;::i 
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obtained which equals zero unless j=j'=2; in that case the 9-j symbol 
equals 1/25. 
M22U = fiFF'V^I,6jJ,6JJ'62J(6/25)(~l)JA^ {[L1[L,]}' * 
x
 l·' k λ |2 ? k\ (B.16) 
\o 0 0/ (L L' J) 
(see section 3.3, matrix element M, , A , = 3^70 h γ(Κ)) 
B.3 THE HYPERFINE STRUCTURE MATRIX ELEMENTS 
B3.1 THE SPIN-ROTATION INTERACTION. 
The spin-rotation interaction in the dimer is given Ъу (eq.(3.5)) 
X° = -chi (lyi,) + (l2-¿2)] (В. 17) 
In eq.(B.17)> for symmetry reasons, the contribution of the second term 
equals that of the first one in case of the o-o dimer. For the o-p 
dimer, the second term is shown to give no contribution. Therefore, we 
write for the total spin-rotation interaction matrix element in either 
the o-o (jp=l) or the o-p (j„=0) dimer 
M
c
 = -ch < (j L) J I F M F]l r Ji 1|(j ,L')J4'F ,M^> (l + ä1. ) (Β.ΐθ) 
Here, as before, the couplings ( j ^ J j and ((l^I J l ^ I ^ I ^ ) ! ^ ! 
are suppressed. 
Decoupling the J- and I- dependent parts yields 
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M i x v.! ^ I + J ' + I + F I J ' I ' F\ 
jl J ij 
χ < ( i , ^ ) ! II Ί.^ II ( і ^ г ' 1 ' > 
χ < ( j ^ g J j L J II з ^ II { ά ^ 2 ) ό · L' J ' > (1 + s ) (в.19) 
In eg.(В.19), the reduced matrix elements give 
m
 l + I ' + I . + I -
< ( I ^ g ) ! II I ^ ; II ( I ^ g ) ! ' > = (-1) ^ i t H t i ' ] } 5 χ 
x ! I < I , II I ^ II I > (B.20) 
and 
Mi j + j ' + J ' + L + j +j 
< ( J ^ g J j L J II j y ' II ( j ^ g i j ' L ' J ' > = « ц / - ) 
χ {[JltJ'lt j ] [ j , ] } J j . ! | J . "I ! < j i " j i 1 ) " j 1 * f ' 1 f ' 1 
( j ' L j ) ( j 1 J 2 О,) (В.21) 
In eqs.(B.20) and (B.21), j. and I 1 are put equal to 1; substitution 
into eq..(B.19)j finally yields for the total spin-rotation interaction 
matrix element 
I+I '+j+j '+L+F+j +1 
M
c - 6 FF'V¿ 6 bL· 6 C h ( " l ) 
"«ui i -HJ i i J - i i J iu · ]} 1 {,
 J 2 l } [ h , \ χ 
( J J ' i ) ( J ' J 1) 
x { \ { } ( 1 + 6 . . ) (B.22) 
( j ' j L) ( l I · F) I J 2 
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The occurrence of the factor (1+6 . ) is most easily understood from 
Up 
eq.(B.21) (and eq.(B.20)); in the 6-j зутЪоІ of eq.(B.2l) (eq..(B.20)), 
the interchange of j and j p (I. and I.) yields the same value for the 
o-o dimer matrix element (j =j =1 =1 =1) but for the o-p dimer, the 6-j 
symbols -and thus the entire contribution- equal zero (j =1 =1, j =1 =0) 
B3.2 THE INTRA-MOLECULAR DIRECT SPIN-SPIN INTERACTION 
The sum of the spin-spin interactions in both hydrogen molecules, con­
stituting the dimer, is given by (compare eq.. (3.7))· 
(B.23) 
1 
Using the correspondence between f. and С (?.)> the matrix element becomes 
NL = -3dh/5 (1 + δ, . ) χ d 1J2 
x < (jL) J I F MF||{C1(f1)C1(r1)}2 {I^ljjb 2 ^((j'L'JJ'I'F'M^ > 
(В.2І0 
Again, the couplings {j^2)j and ((I11I12)l1(Ι2ΐΙ22^τ2^τ а Г е s uPP r e s" 
sed. The factor (1+6.. ) follows from a discussion similar to that, 
02 
given in the preceding section. 
After application of the Wigner-Eckart theorem, in eq.(B.2l*) the J-
and I-dependent parts are decoupled, 
Md = -3/5 dh 6FF,6 [Fp <(jL)Jll{C1(rJC^P^nKj'L'JJ^ x 
|j J' 2| 
χ < ι I  { і ^ і ^ Ь 2 l i' > li i' гі (і+б^ ) (в.25) 
IF F Ol 
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In eq.(B.25) the first matrix element is further decoupled, 
<(j1j2)j L J НС 1*?,) C^r,)} 2 II (j^Jj'L'J^ = S L L 1(-1)J + L + J' 
χ { [ J ] [ J ' ] [ j ] l JM 
With {C 
'
ä
 t 2 ••} 
V } 1 ^ = ( -1) K [K]= ( ) CK , 
\ 0 0 0/ 
J l l l { C l ( f l ) C 1 ( f l ) } 2 | | J l > (B.26) 
(B.27) 
and relation (B.8), for eq..(B.26) follows (j = 1) 
j+j'+J'+L+j, 
DLL'(-1) 
, (J 2 J ' ) ( j 2 j ' j 
2/5/5){υ]υ·][ j][ j ' ] ) 5 \ [ J 
(B.28) 
Decoupling of the second matrix element in eq.(B.25), yields 
<((i
u
i]2)h(i2]i22)i2)i II i i ^ i ^ ) 2 II ( ( ΐ , , Ι , ^ Ι , ί ΐ ^ Ι ^ ) ^ ) ! ' * 
•1) ^ { [ i ] [ i ' ] } ä / Н ^ ] < ι 1 1 ΐ ΐ ι ( 1 1 υ ΐ ΐ ι 1 1 > χ 
1
 1 2 V 
л υ,, 
Ι
1 1
 1 
i Ì ι 
Ι' Ι, 2 
(Β.29) 
With Ι1
=1» the 9-J symbol in аЪо е equation equals 1/9; the value of 
the reduced matrix elements equals /3/2. Then, eq.(B.29) yields 
1+1*+Io 
(-1) 2(^/5){[і][і,]}г 
1 2 1 
1 τ2 1 
(в.so) 
After substitution of eqs.(B.30) and (Β.2Θ) in eq.(B.25) the matrix 
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element of the spin-spin interaction is given Ъу (М^- section 3.3) 
M = δ δ δ j+j'+I+I'+j2+12+L+F 
Md ^Ь^ ^ М ^ 3 dh (-1) 2 2 
, я
2
 η Í1 2 r\ 
χ {[JHJ'H Sil j ' I t H I i ' ] } 5 ) ( { i 
и j 2 ι ' d i2 w 
(J 2 J') (J J' 2) 
.
 ( 1 + 5ij ' ( B- 3 1 ) 
(j' L jj (ΐ· I F) IJ2 
B3.3 THE INTER-MOLECULAR DIRECT SPIN-SPIN INTERACTION 
In order to estimate the influence of magnetic moments connected to 
spins of different hydrogen molecules we consider the total (molecular) 
magnetic moment being located at the center of each hydrogen molecule. 
The interaction of two nuclear spins is given by 
-3d'h/5 {{R R}2 { І ^ І ^ Ь 2 } 0 (B.32) 
* ' о 
о 
о 
о 
34'h/5 <(j LÍJIFMplIíC^RÍC^R)}2 { i j 1 ^ 1 ^ 2 } | ( j 'L' ) J'F'MJ 
(В.ЗЗ) 
Above matrix element is calculated in a way, quite similar to that of 
the preceding section; the important difference is the С (R) operating 
on the L-part of the basis. 
For the o-p dimer, the matrix element equals zero. 
The final result is given by 
IIJO 
l+J'+J+L'+L+j+I+F 
χ «личильчит·]}* χ 
/L 2 L'\ |J J' 2) (J 
\0 O O / (l' I F) (L' 
2 J'i / 1 1 1 
j L) 1 1 l| (B.3¡*) 
I I' 2 
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APPENDIX С: CURRENT DEFINITIONS OF THE ANGULAR DEPENDENT POTENTIAL 
In the literature, different definitions for the angular dependent 
potential terms are found. We compare Meyer (ref. l) with Hardy et al. 
(réf. 2) and the present work (ref. 3, Chapter 5, Eq. (2)), for the 
multipole terms V . Notice that in the definition of Hardy the inter-
molecular separation unit vector H is fixed along the z-axis. The quan-
tities r. and r are the unit position vectors of the hydrogen axes in 
an arbitrary reference frame; ω. and ω„ define the orientation of the 
molecules with respect to the R vector. 
Meyer 
V22X = ^  Ч ^ 2^ l^^v/VV/VÍv^ (c-1) 
Hardy et al. 
V22X = 1+1Γε
λ
Σα
λ
0(2)2,λ;ν,-ν)Υ2(ω1)Υ2
ν(22) (С.2) 
Here, α 0 = /5, α 2 = /?/? and α^ = /70, and C(2,2,X;v,-v) is a Clehsch-
Gordon coefficient. 
Present work 
22Л = А 2 2Л
( Г1> Г2> Н> Σ СІ2)( °І2)< С І Х ) ( Й ) f 2 "i (С-3) 
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The relation between the different angle independent parts is given by 
A
2 2 0 -
 5/5 e
o = 5 A V - > 3 / 2 
A 2 2 2 = (5/2)/70 e 2 = 2 5 A ^ 2 2 / ( b )
3 / 2
 (C.U) 
A 2 2 i t = 15/70 ε)4 = 1*5Α^/(1*π)
3/2 
The relation with the strength of the quadrupole-quadrupole inter­
action γ is 
γ = A22lt/(3/70) = 5ε^ = 15 A^2lt/{(itw)
3/2/70} (C.5) 
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APPENDIX D 
THE IONIZER 
In our molecular beam group, we have developed a rather efficient 
universal detector, consisting of an ionizer, a mass selector (electri­
cal or magnetic) and a particle multiplier (refs. 1-6). Over the years 
continuous improvements have led to an ionizer efficiency of 1 : 500 
yielding an enhancement of the SNR Ъу a factor of 5 as compared to 
commercial models. 
The ionizer is used in comhination with a mass spectrometer magnet 
(refs. 1-1+) or with a quadrupole mass filter (ref. 5, б and present 
experiment). The latter type is shown in Fig. D.1. This version is 
rather easy to handle and is mechanically extremely stable. Most com­
ponents are of molybdenum or tantalum; they are separated by quartz 
spacers. 
The actual ionizing volume is an (equipotential) box formed by two 
electron extractors (F) (curved tantalum plates with slits (0.5 mm) 
mounted in an Mo frame), two sidewalls (E), the front grid (D) and 
the back plate (H). The electrons are extracted from two spiral fila­
ments (0) (CEC diatron, type 11*888; the filament current amounts to 
3.0 A/filament). The entrance (D) and the sidewalls (E) consist of 
grids in order to obtain optimum pumping conditions. The repellere (Ρ) 
shield the insulators against the metal vapour, emerging from the fila­
ments. 
The ions are extracted by a low voltage on the back plate (H) and 
guided by a lens system (J,K,L). The potentials of all elements can be 
111* 
® front plate 
® repeller support 
© filament support 
® front grid 
© side wall 
© electron extractor 
© shielding 
® back plate 
© pyrex insulator 
© vertical lens 
© horizontal lens 
© exit plate 
® main support 
© filaments 
© repeller 
Fig. D.I. The ionizer 
IONIZER 
adjusted independently for optimum perfornance. The entire system ob­
tains its stable structure from two quartets of tungsten rods screwed 
in the front grid holder (θ). This construction provides the facility 
that the filaments, which are the most critical parts, can be adjusted 
without disturbing the positions of the various elements of the 
ionizing volume. 
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SAMENVATTING 
In dit proefschrift wordt een experiment ЪезсИге еп dat leidt tot 
een beter begrip van de intermoleculaire potentiaal tussen twee vater-
stof noleculen en wel speciaal van het hoekafhankelijke gedeelte van de 
potentiaal. Middel is het meten van het hyperfijn spectrum van het een­
voudigste waterstofcluster namelijk het dimeer (H„)p. 
We stellen ons dit dimeer voor als een halter van 5 A lengte, aan 
de uiteinden waarvan de waterstof moleculen vrijwel onafhankelijk kunnen 
roteren. De van der Waals krachten die het complex bijeen houden zijn 
vele malen zwakker dan de chemische bindingskrachten tussen de atomen in een 
molecuul; zo is de dissociatie energie van het waterstof dimeer ongeveer 
10.000 maal zo zwak als die van het waterstof molecuul. 
De dimeerproductie vindt plaats als onder druk van ongeveer 1 at­
mosfeer waterstofgas wordt gespoten uit een koude bron (T = hO Keivin, 
diameter 20 ym) van een moleculair bundelapparaat. Tijdens de expansie 
in het vacuum, waarbij interne bundeltemperaturen beneden 1 Keivin 
worden bereikt, worden de dimeren gevormd bij drievoudige-botsingen 
tussen de Hp-noleculen. De opbrengst is ongeveer 3%. 
Het dimeer kent ? gebonden rotatieniveaus die t.g.v. de hoekafhan­
kelijke wisselwerkingen (de quadrupool-quadrupool interactie en de ani­
sotrope intermoleculaire potentiaal) zijn opgesplitst. Deze laatste ni­
veaus worden nog eens opgesplitst door de hyperfijn interacties in het 
dimeer. 
Uit theoretische berekeningen blijkt dat de meetresultaten van de 
hyperfijnstructuur directe informatie bevatten over de hoekafhankelijke 
interacties. De resultaten worden vergeleken met uitkomsten van andere 
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experimenten die complementaire informatie opleveren en ab initio be-
rekeningen aan het H9-H„ systeem. 
118 
CUERICULUM VITAE 
Op 26 juni 1950 werd ik geboren te Budel. Na het volgen van het 
toasisonderwijs ЬеЪ ik mijn middelbare schooltijd doorgebracht in 
Valkenswaard waar ik in I968 aan het Hertog Jan College het einddiploma 
gymnasium 8 heb behaald. 
Vervolgens ben ik aan de Technische Hogeschool Eindhoven met de 
studie technische natuurkunde begonnen die in 1975 werd afgesloten met 
het behalen van het ingenieursdiploma. Daar heb ik tijdens mijn afstu-
deerperiode bij Prof.dr. N.F. Verster kennis gemaakt met de moderne 
moleculaire bundeltechniekcn. 
Aansluitend ben ik als wetenschappelijk medewerker aan de Katho­
lieke Universiteit Nijmegen werkzaam geweest in de groep Atoom- en 
№lecuulfysica van Prof.dr. A. Dymanus. 
Naast het verrichten van onderzoek heb ik een gedeelte van mijn 
tijd besteed aan onderwijsactiviteiten, met name bij het voorkandidaats-
praktikum natuurkunde. 
Het spectroscopisch onderzoek aan waterstofdimeren onder leiding 
van Prof.dr. J. Reuss bereikt nu zijn voltooiing in het verschijnen van 
dit proefschrift. 
119 

S T E L L I N G E N 
1. Het oplossend vermogen van de dubbeJ-resonantie-techniek kan aan-
zienlijk worden verbeterd door de afstand tussen de twee resonantie-
gebieden periodiek te veranderen, zodat naast de hoofdpiek alle neven-
maxima tot nul worden uitgemiddeld. 
Dit vroefschrift 
2. De aanname van H.K. Shin dat de eigenwaarden voor sterk gekoppelde 
tri-atonaire van der Waals complexen realistisch wordt weergegeven 
door de vibrationele eigenwaarden van de verouderde Lennard-Jones 12-6 
polentiaal, is een fundamentele zwakte van zijn analyse, zoals terecht 
wordt opgemerkt in een polemiek van R.J. LeHoy. 
H.K. Shin, Chem.Fhys.Lett. 49 (1977) 193 
R.J. LeRoy, CP-lá3, Guelph-Waterloo, May 1979 
3. De meetresultaten van de chemiluminescentc reactie NC + O3 -> NC2 + hv 
van P.P. Brooks, waarbij hij de N0 moleculen focusseerde, werden door 
hem in die zin geïnterpreteerd dat N0 chemiluminescenL aktiever is in 
de Π ι /2 d-3-11 i n ¿ е ^ 3/2 toestand, onder de assumptie dat de gefocus-
seerde signaalbijdrage geheel van de П3/2 component afkomstig was. 
Deze assumptie, en daarmee de interpretatie, is onjuist omdat onder 
Brooks' omstandigheden een niet verwaarloosbare gefocusseerde fractie 
aan (magnetische) R-\/2 molekulen in de bundel aanwezig is. 
S.L. Anderson, J. Fite, O.V. S guy en en P.R. Brooks 
А.С.S. Symposium, Hawaii, avril 1979, item 2¿b 
h. Heu opmerkelijk sterke effect van het initiële rotatienivcau van HF 
op de differentiële botsingsdoorsnede van HF verstrooid aan Ar, zoals 
dat door Becker et al. in hun coupled state berekeningen werd gevonden, 
mag pas als realistisch worden beschouwd, als close coupling bereke-
ningen dezelfde resultaten geven. 
C.H. Becker, P.W. Tiedemann, J.J. Valentini, 
Y.T. Lee en R.B. Walker 
71 (1979) 481 
5. De benadering voor het cnergieverschi] tussen aangeslagen en laagste 
buigvibratietoestanden ε^ - SQ = K(K+l)bo (waarin bQ de rotatiecon-
stante van HCL in de grondvibratietoestand), is slechts correct voor 
moleculen zoals Лг-НСД, waar de erergiebijdragen van de anisoirope po­
tentiaal klein zijn t.o.v. de rotatie-energie van het "Cl nolecaul. 
S.L. Holmgren, M. Waldman en W. Klemperer 
J.Chem.Phys. 67 (1977) 4414 
B.I. Zhilinskyy V.A. IsLomin en N.F. Stepanov 
Chem.Phys. 31 (1978) 413 
6. Al zou de interpretatie van de neetresultaten van Cough et al. 
correct zijn, n.l. dat in een supersoon geëxpandeerde CO bundel onge-
veer 25% dimeren voorkomen, dan nog is dit resultaat niet karakteri-
stiek voor andere systemen. 
Т.Е. Cough, R.E. Miller en G. Saoles 
Pvcoeedinge XI-th international symposium 
on rarefied gas dynamias, Cannes 1978 
7. Voor de bepaling van het teken van het elektrisch dipoolmoment uit 
nietingen van de nolekulaire g-factor ir molekuJ en met verschillende 
isotopen, is het noodzakelijk om de waarde van deze grootheid in de 
evenwichtstoestand te kennen. 
E. Hamer en D.H. Sutter 
Ζ.Naturforsah. Zia (1976) 26Б 
S.I. Chan, D. Ikenberry en T.P. Das 
J.Chem.Phys. 41 (1964) 7 
8. Het volledig toepassen van het SI eenheden stelsel zal pas ingebur­
gerd raken, als alle fabrikanten de uitlezing van hun meetapparatuur 
dienovereenkomstig hebben aangepast. 
Symbols, Units and Nomenclature in Physics, 
Document Ü.I.P. 20, 1978 
9. In veel gevallen leidt het vermijden van seksistisch taalgebruik 
niet tot bevordering van de vrouwenemancipatie, doch slechts tot taal-
verarming. 
A. Groen-Husch, B. Haas-Rooyackers en L. Wolters, 
"Richtlijnen ter vermijding van seksisme in 
teksten en illustraties", 1979 
10. Bij bedrijven of instanties waar bez toepassen van een rompater 
wordt aangegrepen als excuus voor verminderde dienstverlening, dient 
men het personeel meer ter zake kundig op te leiden, of weer op hand-
bediening over te gaan. 


